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Currently, concerns are increasing that climate change may intensify natural disasters, like 
droughts, floods, and tropical cyclones which pose risks to human society, especially in the coastal 
area. However, studying about the climate change effects to natural disasters is a challenging 
problem with the experts and climate scientists not only in Vietnam but also in the world.  
Vietnam is one of the countries most strongly affected by high-impact weather events such as 
tropical cyclones, flood, and drought. Vietnam is usually struck by an average of four to six 
tropical cyclones per year. Every year, in the central regions of Vietnam, are usually affected by 
the tropical cyclone from Western Pacific Ocean and received heavy rainfall. A typhoon with 
heavy rain and strong winds usually caused direct damage to infrastructure and human life. The 
precipitation from typhoons also causes vast destruction. Furthermore, under the climate change, 
the intensity of rainfall would increase significantly in the future. Therefore, in this thesis, the 
variations of typhoon intensities under the climate change and impacts of it in Vietnam is 
investigated. First, the typhoon Lekima, which hit in the central region of Vietnam in 2007, is 
selected. In this thesis, I used the numerical simulation method with the Weather Research and 
Forecast model combining with ensemble method for predicting the variations of Typhoon Lekima 
intensities. The variations of typhoon intensities with different climate changes scenarios were 
investigated using numerical simulations based on pseudo global warming conditions, established 
by using third, and fifth-phase results of Coupled Model Intercomparison Project multi-model 
global warming experiments. Under the future climate change, the Typhoon Lekima intensities 
would have been stronger than in the present climate condition. The simulation results of central 
pressure were dropped, and the most simulation results of maximum six-hourly and total rainfall 
by using different GCM models will rise significantly in the future. The spatial distribution of 
heavy rain from a tropical cyclone similar to Typhoon Lekima made landfall in Vietnam in 2007 
will have a tendency to shift from the central region to Southwest. Simulation results suggest that 
global warming may have high relation with an increase in typhoon intensities and heavy rainfall. 
Next part of this dissertation is, because of an average of six typhoons make landfall per year 
leading to approximately VND 12,500 billion in damages. In this thesis, an assumption that under 
the economic development and population density increase, such as higher population density, the 
people with higher living standard, these may be the reasons caused heavy damage.  However, 
another reason for the increase of economic losses is the typhoon intensities would increase under 
the climate change in the future. In this part, we predict the impact of socioeconomic and global 
warming on the tropical cyclones losses. For establishing the historical impact function of storm 
damage, we used the Ordinary Least Squares estimator and regress damages on characteristics of 
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tropical cyclones.  Based on simulation results of Typhoon Lekima in 2007 under global warming, 
socioeconomic development scenarios SSPs (Shared Socioeconomic reference Pathways) and the 
population density of Vietnam, we predict the impact of climate change and socioeconomic 
condition on tropical cyclone losses at the end of 21st century. Economic losses caused by typhoon 
would change under global warming at landfall. Socioeconomic changes will increase losses by 
approximately three and sixteen times higher than the losses from climate changes corresponding 
to SSP3 and SSP5 scenarios. In the third part of the research, because climate change is likely to 
increase rainfall intensity, varies the spatial rainfall distribution, the main reason causes the flood 
and economic damage. Flood implications of climate change trends are pronounced in most of the 
regions not only in coastal areas but also in the mountainous areas of Vietnam. So, in this part, we 
present the methods for assessing, predicting the economic flood damages based on hydraulic 
models (RRI model), and socioeconomic development scenarios. The variation of heavy rain 
causes the flood in the future was investigated using numerical simulations under the pseudo-
global warming conditions, established by fifth-phase results of Coupled Model Intercomparison 
Project multi-model global warming experiments (CMIP5_RCP8.5). The damage function for the 
different type of land use is selected and applied to compute economic losses caused by flood 
event in August 2007 and floods under the impacts of climate change in Ngan Sau River basin, 
Vietnam. The calculation results show that the highest increase in economic losses is in urban 
areas, next is mix-forest, and cropland will be the lowest increase. The economic flood damage 
under the climate change and socioeconomic SSP5 scenario will be 2.7 and 1.2 times higher than 
CTL runs, the climate change and socioeconomic scenario SSP3 respectively. Finally, some 
conclusion and suggestions for future work about the future variation of high-impact weather events 
affected to the economic damage and human losses in the coastal region of Vietnam under global 















I appreciate the support and help of many individuals during my Ph.D. study. They have 
provided the foundation for finalizing this dissertation. 
Indeed in my heart, I would like giving many thanks to Assoc. Prof. Kenji TANIGUCHI for 
his enthusiastic supervisor of me. His guidance, encouragement, and supports played a very 
important role in my success today. They also made my Japanese-lifetime at Kanazawa interesting 
and meaningful.  
I would also like giving my gratitude to Prof. Masatoshi YUHI and Prof. Takehisa SAITOH 
for their enthusiastic help, assistance in the courses are always being in my memory.  
I would like to express my great appreciation to other committee members of my dissertation, 
Prof. Hiroshi MASUYA, and Assoc. Prof. Shynia Umeda for their valuable comments and 
precious time for the successful completion of this study.  
I would like to thank the Kanazawa University to support me a part of scholarship and giving 
me a chance to study in the modern educational environment. 
I would like to thank the financial support from Vietnam Scholarship government (the 911 
project by Ministry of Education and Training, Vietnam) to pursue my Ph.D. at Kanazawa 
University, Japan. 
Many thanks due to all Japanese lab mates for their warm friendship as well as good advice 
and collaboration where I worked as a guest Ph.D. student. Especially, thanks to my tutor, Mr. 
Koki Nakaya, Mr. Quan and Mr. Chung for great their support in my research and at the beginning 
of my life in Japan.  
Last but not least, my gratitude goes to my family. My wife constantly supports me to focus 
on my research work. My special and sincere thanks are expressed to my parents and parents in 
law for their great support and for taking care of my children that I can concentrate on the 
completion of this dissertation. 











AGCM Atmospheric General Circulation Model 
AOGCMs Atmosphere-Ocean Global Climate Models 
APHRODITE Asian Precipitation - Highly-Resolved Observational Data Integration towards 
Evaluation 
AR4 Fourth Assessment Report 
CC Climate change 
CCFSC Central Committee for Flood and Storm Control 
CDF Cumulative Distribution Function 
CMIP Coupled Model Intercomparison Project 
CTL Control run 
DDs Dynamic downscaling 
GDAS Global Data Assimilation System 
GFS Global Forecast System 
GLCC-V2 Global Land Cover Characterization 
GMST GMST Global Mean Surface Temperature 
GTS Global Telecommunications System 
IPCC Intergovernmental Panel Climate Change 
JMA Japan Meteorological Agency 
JRA-55 Japanese 55-year Reanalysis 
JRC Joint Research Centre 
LAF Lagged Average Forecast 
MONRE Ministry of Natural Resources and Environment of Vietnam 
MSLP Minimum sea level pressure 
MWS Maximum wind speed 
NCEP FNL National Centers for Environmental Prediction Final Operational Global Analysis 
NOAA National Oceanic and Atmospheric Administration Commissioned Corps 
OISST Optimum Interpolation Sea Surface Temperature 
PGW Pseudo Global Warming 
RRI Rainfall-Runoff-Inundation 
SSPs Shared Socioeconomic reference Pathways 
SST Sea Surface Temperature 
TCs Tropical cyclones 
VAPOR Visualisation and Analysis Platform for Ocean, Atmosphere and Solar  Researchers 
VND Vietnam Dong 
WGCM Working Group on Coupled Modelling 
WNP West North Pacific 
WRF Weather Research and Forecasting 
v 
 
Table of Contents 
Abstract  ....................................................................................................................................................... i 
Acknowledgement ...................................................................................................................................... iii 
Abbreviations table ..................................................................................................................................... iv 
Table of Contents ......................................................................................................................................... v 
List of figure ............................................................................................................................................. viii 
List of tables .............................................................................................................................................. xiv 
CHAPTER 1. INTRODUCTION ............................................................................................................. 1 
1.1. Background and  motivation for the research .............................................................................. 1 
1.1.1. Introduction ............................................................................................................................. 1 
1.1.2. Objectives of the research ....................................................................................................... 5 
1.2. Structure of this dissertation .......................................................................................................... 6 
CHAPTER 2. DATA AND METHODOLOGIES .................................................................................. 7 
2.1. Data and research methodology in forecasting typhoon intensities under global warming 
condition. ................................................................................................................................................ 7 
2.1.1. Data ......................................................................................................................................... 7 
1. JRA-55 (Reanalysis Data Set).......................................................................................... 7 
2. Coupled Model Intercomparison Project (CMIP) multi-model dataset ................................ 7 
3. The sea surface temperature (SST) ................................................................................. 12 
4. Land-surface Conditions ............................................................................................... 12 
5. Rainfall Data for Verification ........................................................................................ 12 
2.1.2. Design of Numerical Simulations ......................................................................................... 12 
1. Weather Research and Forecasting (WRF) model. .......................................................... 12 
2. Model setup and experiment configuration ..................................................................... 14 
3. Overview of Tropical Cyclone Lekima ........................................................................... 16 
4. Pseudo-Global Warming Conditions .............................................................................. 19 
5. Ensemble methods: ....................................................................................................... 20 
2.1.3. Conclusion ............................................................................................................................. 22 
2.2. Data and methodology in the assessment of economic losses caused by typhoon intensities 
under global warming and socioeconomic conditions in the coastal region of Vietnam. .............. 22 
2.2.1. Theory of damage estimation ................................................................................................... 22 
2.2.2. Data and methodology ............................................................................................................. 24 
1. Data ........................................................................................................................................ 24 
2. Methodology ................................................................................................................. 27 
2.3. Data and methodology in forecasting economic losses caused by flood under global warming 
and socio-economic condition: A case study in Ngan Sau River basin, Ha Tinh province, Vietnam.
   .................................................................................................................................................... 28 
2.3.1. Establishing the flood map for Ngan Sau River basin, Ha Tinh province, Vietnam ............... 28 
vi 
 
1. Catchment overview ...................................................................................................... 28 
 2. Data ............................................................................................................................. 30 
2.3.2. Methodology ............................................................................................................................ 34 
1. Flood simulation ........................................................................................................ 34 
2. Results of flood simulation ........................................................................................ 38 
3. Economic flood damage............................................................................................. 38 
4. The changing in socioeconomic of Vietnam in the future ......................................... 41 
2.4. Chapter summaries ....................................................................................................................... 42 
CHAPTER 3. RESULTS OF TYPHOON INTENSITIES VARIATION UNDER GLOBAL 
WARMING IN COASTAL REGION OF VIETNAM ........................................................... 43 
3.1. Introduction ................................................................................................................................... 43 
3.2. Results of typhoon intensities ....................................................................................................... 44 
3.2.1. Typhoon intensities at current climate condition .................................................................. 44 
3.2.1.1. Minimum sea level pressure, maximum wind speed and track of Typhoon Lekima
 44 
3.2.1.2. The variation of rainfall ..................................................................................... 47 
3.2.2. The variation of typhoon intensities under global warming, using CMIP3 and CMIP5 models
   ............................................................................................................................................... 48 
3.2.2.1.The variations of typhoon intensities under global warming when using CMIP3 
models ............................................................................................................................. 48 
3.2.2.2.The variation of typhoon intensities under global warming when using different CMIP5 
models ............................................................................................................................. 59 
3.2.2.3.Conclusion ............................................................................................................ 77 
3.3. Chapter summaries ....................................................................................................................... 79 
CHAPTER 4. ASSESSMENT OF THE TYPHOON LOSSES UNDER GLOBAL 
WARMING AND SOCIO-ECONOMIC CONDITION IN COASTAL REGION OF 
VIETNAM ................................................................................................................................... 81 
4.1. Introduction ................................................................................................................................... 81 
4.2. Results of economic losses caused by typhoon intensities .......................................................... 82 
4.2.1. Climate change impact on tropical cyclone damages ............................................................ 83 
4.2.2. Socioeconomic Change Impact on Tropical Cyclone Damages............................................ 83 
4.3. Chapter conclusions....................................................................................................................... 85 
CHAPTER 5. ASSESSMENT OF FLOOD LOSSES UNDER THE GLOBAL WARMING 
AND SOCIO-ECONOMIC CONDITION IN THE CENTRAL REGION OF VIETNAM: A 
CASE STUDY IN NGAN SAU RIVER BASIN, HA TINH PROVINCE, VIETNAM ........ 87 
5.1. Introduction ................................................................................................................................... 87 
5.2. The results of economic flood losses. ............................................................................................ 90 
5.2.1. Results of economic flood losses under the impact of global warming and the SSPs scenarios
   ............................................................................................................................................... 90 
vii 
 
5.2.1.1.Climate change impact on economic flood damages ................................................. 90 
5.2.1.2.Socioeconomic and climate change impact on flood damages .................................... 92 
5.2.2. The probability of inundation depth effect to economic flood damage in Ngan Sau river basin
   ............................................................................................................................................... 97 
5.2.2.1.The number of grid with water depth is higher than 1 (m) in Ngan Sau river basin ......... 97 
5.2.2.2.The spatial probability distribution of inundation depth effect to economic flood damage 
in Ngan Sau river basin ...................................................................................................... 98 
5.3. Chapter conclusions ......................................................................................................................... 99 
CHAPTER 6. CONCLUSIONS AND RECOMMENDATIONS ......................................... 101 
6.1. Conclusions ................................................................................................................................... 101 
6.1.1. Research problems and overview of thesis aims ................................................................. 101 
6.1.2. Key findings ........................................................................................................................ 101 
6.2. The limitations of research ......................................................................................................... 102 
6.3. Future research and some recommendations ........................................................................... 103 
APPENDIXES ........................................................................................................................... 105 






















List of figures 
Figure 1.1. a) The Global Tropical Cyclone Landfalls from 1970 to 2014 and b) an average 
number of the storm by region and year in Vietnam from 1961 to 2008………………...…………2 
Figure 2.1. The climate change scenarios using in this study…………………………...…………8 
Figure 2.2. The components of WRF Version 3.6.1……………………………….…..…..….…14 
Figure 2.3. a) Location of seven rain gauge observations and b) target domains of downscaling in 
the weather research and forecasting (WRF) model……………………………………………..16 
Figure 2.4. a) track of Typhoon Lekima and b) Minimum sea level pressure and maximum 
sustained wind speed (MW) in a knot of Typhoon Lekima in 2007 ……………………………..17 
Figure 2.5. The meteorological satellite observation images of tropical cyclone Lekima from 30 
Sep 2007 to 04 Oct 2007 …………………………………………………………………………17 
Figure 2.6. Schematic view of ensemble member preparation. Large open circles are the base 
states (X1, X2, and X3) made by the LAF method. Small open circles are newly prepared ensemble 
states ………………………………………………………………………………….…………21 
Figure 2.7. Five shared socio-economic reference pathways (SSPs) located in a space defined by 
challenges to mitigation and adaptation.…………………….………………………….………24 
Figure 2.8. The max wind speed of CTL runs and different maximum wind speed between current 
and future, and tracks of Typhoon Lekima ………………………………..………….………...26 
Figure 2.9. The methodology in estimation of economic losses caused by typhoon intensities used 
in this research …………………………………………………………………………………...27 
Figure 2.10. (a) the location of Ngan Sau river basin, (b) target domains of downscaling in the weather 
research and forecasting (WRF) model. Areas indicated by dark and light shading are D01 and D02, 
respectively ………………………………………………………………………………………29 
Figure 2.11. Topography Input Data ……………………………………………………………30 
Figure 2.12. The original land use, reclassify land use, and possible land use in the future of Ngan 
Sau River basin, Ha Tinh province, Vietnam ……………………………………………………30 
Figure 2.13. The max hourly and total rainfall in Ngan Sau River basin from CTL and 6 PGWs 
models …………………………………………………………………………………………...32 
Figure 2.14. The spatial distribution hourly rainfall of CTL runs and difference hourly rainfall 
between PGWs experiments and CTL runs. Left-and right-hand color bars are for max hourly rain 
of CTL and the differences between PGWs and CTL respectively ………………………………32 
Figure 2.15. The spatial distribution total rainfall of CTL runs and difference total rainfall between 
PGWs experiments and CTL runs. Left-and right-hand color bars are for maximum total rain of 
CTL and the differences between PGWs and CTL respectively …………………………………33 
ix 
 
Figure 2.16. The observed and simulated data at Hoa Duyet hydrological station, Ngan Sau river 
basin, Ha Tinh, Viet Nam a) flood event in 2005, and b) in 2007 ………………………………34 
Figure 2.17. Schematic overview of the methodology utilized in this study ……………………35 
Figure 2.18. Schematic diagram of Rainfall-Runoff-Inundation (RRI) Model …………………35 
Figure 2.19. A, B, C is surface/subsurface flow conditions …………………….………………36 
Figure 2.20. The spatial distribution of maximum flood map simulated by CTL runs and 6 PGWs 
simulations …………………………….………………………………………………………...37 
Figure 2.21. The damage functions from JRC Technical Report about global flood depth-damage 
functions – 2017 for Vietnam ……………………………………………………………………39 
Figure 3.1. The change of MSLP along the track of Typhoon, black solid line, blue solid line 
show the observation and average simulation result of nineteen ensemble members of MSLP 
respectively and dashed lines indicate the result of each ensemble member…………………… 45 
Figure 3.2. a) MWS from JRA 55 data, (b) simulation result of average MWS from nineteen 
ensemble members and track, red line, and green lines denote the real-time track and forecast 
tracks from nineteen ensemble members of CTL respectively …………………………………45 
Figure 3.3. The change of MWS along the track of Typhoon Lekima, blue solid line, red solid 
line shown the observation and average simulation of MWS from nineteen ensemble member 
respectively, while dashed lines indicate each ensemble member………………………………46 
Figure 3.4. a) Rainfall at seven rain gauge stations. Large black solid circles and small open circles 
are average rainfall simulation results and rainfall simulation results for each ensemble member, 
respectively ………………………………………………………………………………………47 
Figure 3.5. MSLP along the track of Typhoon Lekima between simulation results of 
PGW_FF/PGW and CTL experiments. Solid line, long dash line, and dot line are MSLP along track 
of PGW/PGW_FF, and CTL runs respectively…...………………………………………………49 
Figure 3.6. Ensemble-mean maximum wind speed and tracks of CTL and the difference in 
ensemble-mean maximum wind speed between PGW and CTL runs, and tracks. Left-and right-
hand color bars are for the maximum wind speed and the difference between PGW and CTL runs 
respectively ……..……………………………………………………………….………………50 
Figure 3.7. Ensemble-mean maximum wind speed and the tracks of CTL runs and the difference in 
ensemble-mean maximum wind speed between PGW_FF simulations, CTL runs, and the simulation 
results of typhoon tracks. ………………..……………………………………………..…………51 
Figure 3.8. a) Maximum six-hourly rainfall for each simulation and ensemble mean result. b) 
Frequency distributions and probability density curves of maximum six-hour rainfall by PGWs 




Figure 3.9. Ensemble-mean maximum six-hourly rainfall of CTL and the difference in ensemble-
mean maximum six-hourly rainfall between PGW and CTL runs. Left- and right-hand color bars 
are for the maximum six-hourly rainfall and the differences between PGW and CTL runs 
respectively ………..…………………………..…………………………...……………………53 
Figure 3.10. a) Maximum six-hourly rainfall for each simulation and ensemble mean result. b) 
Frequency distributions and probability density curves of maximum six-hour rainfall by PGW_FF 
experiments and CTL runs...……..…………………………..…………………………..………54 
Figure 3.11. Ensemble-mean maximum six-hourly rainfall of CTL and the difference in 
ensemble-mean maximum six-hourly rainfall between PGW_FF and CTL runs. Left- and right-
hand color bars are for the maximum six-hourly rainfall and the differences between PGW and 
CTL runs respectively ………..…………………………..…………………………..…………55 
Figure 3.12. a) Maximum total rainfall for each simulation and ensemble mean result. b) 
Frequency distributions and probability density curves of maximum total rainfall by PGW 
experiments and CTL runs ………..………………………………………………………….…56 
Figure 3.13. Spatial distribution of the difference of ensemble-mean total rainfall between PGW 
experiments and CTL runs. Colour bar shows the difference in rainfall mm ………..…………56 
Figure 3.14.  a) Maximum total rainfall for each simulation and ensemble mean result. b) 
Frequency distributions and probability density curves of maximum total rainfall by PGW_FF 
experiments and CTL runs………..…………………………………………………...…………57 
Figure 3.15. Difference of ensemble-mean total rainfall between PGW_FF experiments and CTL 
runs…..…..……….…………………..…………………………………..……………………...58 
Figure 3.16. MSLP along track of typhoon Lekima between simulation results of seven PGW 
simulations of CMIP5_RCP8.5_FF and CTL experiments……....…………………………..…59 
Figure 3.17. MWS and tracks of Typhoon Lekima simulated by CTL runs and 7 PGWs of 
CMIP5_RCP8.5_FF ………..…………………………..…………………………..…………...60 
Figure 3.18. Spatial distribution of different max wind speed between 7 PGWs models of 
CMIP5_RCP8.5_FF and CTL runs ………..…………………………..………………………..60 
Figure 3.19. a) Maximum six-hourly rainfall for each simulation and ensemble mean result. b) 
Frequency distributions and probability density curves of maximum six-hour rainfall by seven 
PGW experiments and CTL runs……..…………………………...…………………………….61 
Figure 3.20. The spatial distribution of different max six hourly rainfall between 7 PGWs models 
of CMIP5_RCP8.5_FF and CTL………..…………………………..…………………………...62 
Figure 3.21. a) Maximum total rainfall for each simulation and ensemble mean result. b) 
Frequency distributions and probability density curves of maximum total rainfall by seven PGW 
experiments and CTL runs………..………………………………………………………….….62 
xi 
 
Figure 3.22. The spatial distribution of different total rainfall between PGWs models of 
CMIP5_RCP8.5_FF and CTL runs…..…..…………………………..………………………….63 
Figure 3.23. MSLP along track of typhoon Lekima of CTL runs and seven PGW simulations of 
CMIP5_RCP8.5 ………..…………………………..…………………………..………………..64 
Figure 3.24. Max wind speed and tracks of Typhoon Lekima simulated by CTL runs and 7 PGWs 
of CMIP5_RCP8.5. ………..…………………………..…………………………..…………….64 
Figure 3.25. Spatial distribution of different max wind speed between 7 PGWs models of 
CMIP5_RCP8.5 and CTL runs………..…………………………..……………………………..65 
Figure 3.26. a) Maximum six-hourly rainfall for each simulation and ensemble mean result. b) 
Frequency distributions and probability density curves of maximum six-hour rainfall by PGW_FF 
experiments and CTL runs..……..…………………………..………………….………..………65 
Figure 3.27. The spatial distribution of different max six hourly rainfall between 7 PGWs models 
of CMIP5_RCP8.5 and CTL runs………..…………………………..…………………………..66 
Figure 3.28.  a) Maximum total rainfall for each simulation and ensemble mean result. b) 
Frequency distributions and probability density curves of maximum total rainfall by seven PGW 
experiments and CTL runs ………..……………………………………………………………..67 
Figure 3.29. The spatial distribution of different total rainfall between 7 PGWs models of 
CMIP5_RCP8.5 and CTL runs…..…..…………………………..…………………….………...67 
Figure 3.30. MSLP along track of typhoon Lekima, the simulation results of seven PGW 
simulations of CMIP5_FF and CTL runs ………..…………………………..………..…………68 
Figure 3.31. Max wind speed and tracks of Typhoon Lekima simulated by CTL run and 7 PGW 
models of CMIP5_FF ………..…………………………..………………………………………69 
Figure 3.32. Spatial distribution of different max wind speed between 7 PGWs models of 
CMIP5_FF and CTL runs…..…..…………………………..…………………………..……….69 
Figure 3.33. a) Maximum six-hourly rainfall for each simulation and ensemble mean result. b) 
Frequency distributions and probability density curves of maximum six-hour rainfall by seven 
PGW experiments and CTL runs..……..…………………………..……………………………70 
Figure 3.34. The spatial distribution of different max six hourly rainfall between 7 PGWs models 
of CMIP5_FF and CTL runs…..…..…………………………..…………………………..…….71 
Figure 3.35. a) Maximum total rainfall for each simulation and ensemble mean result. b) 
Frequency distributions and probability density curves of maximum total rainfall by seven PGW 
experiments and CTL runs.……..………………………………………………………………..71 
Figure 3.36. The spatial distribution of different total rainfall between 7 PGWs models of 
CMIP5_FF and CTL runs…...…..…………………………..…………………………..……….72 
xii 
 
Figure 3.37. MSLP along track of typhoon Lekima, the simulation results of seven PGW 
simulations of CMIP5 and CTL runs………..…………………………..………………………..73 
Figure 3.38. MWS and tracks of Typhoon Lekima simulated by CTL runs and 7 PGWs of CMIP5 
models ………..…………………………..…………………………..………………………….73 
Figure 3.39. Spatial distribution of different MWS between 7 PGWs models of CMIP5 and CTL 
runs...……..…………………………………………………..…………………………..……...74 
Figure 3.40. a) Maximum six-hourly rainfall for each simulation and ensemble mean result. b) 
Frequency distributions and probability density curves of maximum six-hour rainfall by seven 
PGW experiments and CTL runs..……..…………………………..……………………………75 
Figure 3.41. The spatial distribution of different max six hourly rainfall between 7 PGWs models 
of CMIP5 and CTL runs..……..…………………………..…………………………..…………75 
Figure 3.42. a) Maximum total rainfall for each simulation and ensemble mean result. b) 
Frequency distributions and probability density curves of maximum total rainfall by seven PGW 
experiments and CTL runs………..……………………………………….……………………..76 
Figure 3.43. The spatial distribution of different total rainfall between 7 PGWs models of CMIP5 
and CTL runs……....…………………………..…………….……………..……………………76 
Figure 3.44. The average minimum sea level pressures of nineteen ensemble members simulated 
by different PGW models and CTL runs.……..…………………………..…….……………….78 
Figure 3.45. a) Comparison max six-hourly rainfall and b) total rainfall between CTL runs and 
PGW models ………….…………………………..…………………………..…………………79 
Figure 4.1. Economic losses caused by tropical cyclone from 1953 to 2014 ...…………………82 
Figure 4.2. a) Maximum damages of Typhoon Lekima for each simulation and ensemble mean 
results under climate change, b) Frequency distributions and probability density curves of max 
damages by eight models of CMIP3 and CTL runs………..…………………………..…………83 
Figure 4.3. a) Maximum damages of Typhoon Lekima for each simulation and ensemble mean 
result based on the SSP3 scenario and climate change, b) Frequency distributions and probability 
density curves of maximum damages by eight models of CMIP3 and CTL runs based on SSP3 
scenario ………..…………………………..…………………………..………………………...84 
Figure 4.4. a) Maximum damages of Typhoon Lekima for each simulation and ensemble mean 
result based on the SSP5 scenario and climate change, b) Frequency distributions and probability 





Figure 5.1. a) Economic flood losses for each simulation, ensemble mean, and maximum 
ensemble results under the climate change; b) Damage cumulative distribution curves of six PGW 
models and CTL runs under the climate change ………..…………………………..……………90 
Figure 5.2. The spatial distribution of maximum economic losses caused by flood at present and 
under global warming in Ngan Sau river basin, Ha Tinh province, Vietnam ………..………….91 
Figure 5.3. The spatial distribution of different maximum economic flood losses between PGWs 
and CTL runs under global warming in Ngan Sau river basin, Ha Tinh province, Vietnam 
………..…………………………..………………….………..…………………………..……..92 
Figure 5.4. a) Economic flood losses for each simulation, ensemble mean, and maximum 
ensemble results under the climate change and SSP3 scenario; b) Damage cumulative distribution 
curves of six PGW models and CTL runs under the climate change and SSP3 scenario ………..93 
Figure 5.5. The spatial distribution of maximum economic flood losses of CTL runs and six PGWs 
under global warming and the SSP3 scenario in Ngan Sau river basin, Vietnam ………..………93 
Figure 5.6. The spatial distribution of different economic losses between PGWs and CTL runs 
caused by flood under global warming and socioeconomic change (SSP3 scenario) in Ngan Sau 
river basin, Vietnam ………..…………………………..…………………………..……………94 
Figure 5.7. a) Economic flood losses for each simulation, ensemble mean, and maximum ensemble 
results under the climate change and SSP5 scenario; b) Damage cumulative distribution curves of six 
PGW models and CTL runs under the climate change and SSP5 scenario ………..………………95 
Figure 5.8. The spatial distribution of economic flood losses under the impact of global warming 
and the SSP5 scenario in Ngan Sau river basin, Vietnam ………..…………………………..…95 
Figure 5.9. The spatial distribution of different economic flood losses between PGWs and CTL 
runs under global warming and the SSP5 scenario in Ngan Sau river basin, Vietnam …………..96 
Figure 5.10. a) the grids with water depth ≥1 (m) for each simulation, the ensemble mean, and 
ensemble maximum of CTL runs and PGWs simulation; b) cumulative distributions curves of 
grids with water depth ≥ 1(m) of 6 PGWs and CTL runs………..…………………………..……97 
Figure 5.11. Spatial distribution of probability of water depth ≥ 1m and economic flood damage 









List of tables 
Table 2.1. List of the CMIP3 models with the climate change scenarios A1B used in our research 
……………………………………………………………………………………….……………9 
Table 2.2. List of the CMIP5_RCP4.5 models used in our research………..…………………… 9 
Table 2.3. List of the CMIP5_RCP4.5_FF models used in our research ……….………………10 
Table 2.4. List of the CMIP5_RCP8.5 models used in our research ……………………….…….10  
Table 2.5. List of the CMIP5_RCP8.5_FF models used in our research ……………………...…11 
Table 2.6. WRF settings ……………………………………...…………………………………16 
Table 2.7. The detail information of location and intensities of Typhoon Lekima in 2007..……17 
Table 2.8. Pairs of the scale factors (α and β) in 321 XXXX n ∆∗+∆∗+= βα  ……….….……20 
Table 2.9. The annual average GDP per capita growth rate ……………………..…….….…….24 
Table 2.90. The population, GDP, area, income per capita, and population density of Vietnam in 
2007 and 2100 ……………………………………………………………………….…………..26 
Table 2.11. The estimated coefficients in damage functions ……………………………………28 
Table 2.10. Variations in socioeconomic, population density, and land use in Ngan Sau river 
basin, Ha Tinh province, Vietnam ……………..………………………………………...………31 
Table 2.11. List of the CMIP5_RCP8.5 models used for analysis ………………………………31 
Table 2.12. The parameters set for RRI models in simulation …………….…….………………37 
Table 2.13. Land use coefficients and price for rice and forest price ………………..….………41 













CHAPTER 1. INTRODUCTION 
 
1.1. Background and  motivation for the research  
 
1.1.1. Introduction 
In recent year, the experts and climate sciences express the much of concerns about the 
association between the natural disasters and the global warming, such as tropical cyclones, 
droughts, floods, and landslide...(Sheets 1990; Rappaport 2000; Elsberry 2002; Blake et al. 
2007) showed their research results about the relationship among the tropical cyclones (TCs) 
intensities with strong winds, economic damage and loss of human life. Heavy rain during 
tropical cyclones is also a destructive factor, which occurs as the TC makes landfall (Larson 
et al. 2005). Based on the observation data of typhoon in the past, the variations in the typhoon 
frequency are not clarity, however, there was an increasing trend of typhoon intensities at the 
end of the 20th century. The studies of Pielke et al. 2005; Webster et al. 2005 show that the 
variations of typhoon intensities will be stronger and the damage of typhoon would increase 
under the climate change. However, the research of Oouchi et al. 2006; Emanuel et al. 2008; 
Murakami et al. 2011; Kim et al. 2014 about the frequency of tropical cyclone indicated that 
the frequency would be a decreasing trend under the global warming. The climate sciences 
also do their research about the variations of typhoon intensities and frequency in specific 
regions. For example, the Yokoi and Takayabu, 2009 indicated that the tropical cyclone 
genesis will be increasing trend in the central North Pacific and a decreasing trend in western 
parts. For rainfall amount, Hasegawa et al. (2005) showed 8.4% increase in rainfall associated 
with tropical cyclones in the late 21st century around the Western North Pacific. Chiang et al. 
(2011) showed an increase in annual maximum tropical cyclone rainfall in Taiwan island from 
322 mm (1960–2008) to 371 mm (2010–2099). 
Tropical cyclones with strong wind and heavy rainfall are one of the most natural disaster 
and destructive phenomena on earth (Montgomery and Farrell, 1993). Nowadays, there are 
more than 60% of the population in the world living in coastal areas, with over 65% the number 
of cities having over 2.5 million population (UNCD, 1992). Especially, most the largest cities 
having over 10 million people are located in the coastal area or living near the sea. In general, 
all the economic activities in coastal regions such as industries, fishing, and shipping also rise 
as populations increase. From the report of UN, 2006, the population of the world would be 
expected to increase to 1.7 billion until 2030, and therefore, the economic activities of the 
coastal regions are going to expand under the pressure of population increase. This tendency 
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in the economic development will be further strengthened under the economic globalization. 
However, most of the coastal regions are under the vulnerable of disasters such as sea level 
rise, flood, typhoon... For example, the gigantic tsunami waves, with sea level rise reached to 
a maximum elevation of 40 m, which was generated by an earthquake it was the reason of 
20,000 deaths and vast destruction in the Japan coastal regions. In December 2004, the tsunami 
in the Indian Ocean caused the massive earthquake, killed over 230,000 people in many 
countries such as Thailand, Indonesia, Srilanka, and India. Besides tsunamis, the super 
typhoons carrying heavy rainfall and strong wind speed occurred more frequently in recent 
years in the world caused heavy economic damage and losses of a human such. For instance, 
in 2005 Hurricane Katrina hit in United State caused approximately 2000 deaths and more 
than 100 billion USD in economic losses. In 2013, super typhoon Haiyan, struck in the 
Philippines, over 8000 deadths and missing and near 2.8 billion USD in economic damage. 
The natural disaster events such as hurricanes, flood, and drought… are observed both in 
developed and developing countries in the world.  
Vietnam is one of the fifth country in the world affected heavily by multiple natural 
disasters, such as typhoons, flood, landslides, droughts… An estimated 59 percent of its total 
land area and 71 percent of its population usually affected by tropical cyclones and floods. 
Vietnam with more than 3260 km of coastline and two deltas are Red River and Mekong Delta, 
and Vietnam also is the countries most vulnerable to natural disasters and climate change in 
the world. However, it seems that people outside are unaware of the vulnerability of Vietnam's 
coastal regions to the natural disasters, and the majority people living in Vietnam may not 
realize the danger of extreme weather events in the coastal regions, like sea level rise, typhoons, 
and flood under the global warming. There are many reasons for the lack of awareness about 
the natural disasters related to climate in Vietnam. In fact that, in the least several decades, 
 
Figure 1.1. a) The Global Tropical Cyclone Landfalls from 1970 to 2014 and b) an average number 
of the storm by region and year in Vietnam from 1961 to 2008. 
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there have been no extreme disasters in Vietnam, while other neighboring have experienced 
several significant disasters with more than 5000 deaths such as Philippine, Indonesia, Japan. 
(e.g., Japan: Great East Japan earthquake in 2013; Philippines: Typhoon Haiyan in 2013 or 
Indonesia and Thailand: Indian Ocean tsunami in 2004). 
Vietnam is a country that is frequently affected by tropical cyclones, which more than 
80% of the disasters affecting Vietnam related to tropical cyclones. In the Northern and central 
regions of Vietnam, the period with the highest number of storm made landfall is during from 
September to October, however, in South, the tropical cyclones are usually later and 
concentrate around November. There were more than 750 typhoons and tropical cyclones that 
affected directly or indirectly to Vietnam during the 20th century. The most of this storms 
usually hit in the coastal provinces in the north and the center of Vietnam (Kleinen, 2007) such 
as Quang Ninh, Hai Phong, Nam Dinh. Thai Binh in the north, Ha Tinh, Nghe An, Quang Binh, 
Hue, Da Nang in the central regions... The average number of tropical cyclone per year in each 
region of Viet Nam is shown in figure 1.1. 
Under the impact of the global warming on the extreme weather events in the world, 
especially, effects of the climate change on typhoon intensities. The Ministry of Natural 
Resources and Environment of Vietnam (MONRE) shows an increase in the number of high-
intensity typhoons affecting Vietnam in recent year. It was supposed that the tracks of 
tropical cyclone tend to move southward and the typhoon season ends later. From the reports 
of MONRE, some Vietnam indicated that the threat related to the increase in typhoon 
intensities under the climate change is more and more dangerous. However, the reports of 
Ministry of Natural Resources and Environment do not show the clear the scientific evidence 
to relate this tendency.  
The Gulf of Tonkin in the South China Sea, which is a body of water. The typhoon genesis 
in Vietnam usually come from the Northwest Pacific Ocean near the Philippines trikes to the 
Asian area. Every year, there are seven to eight tropical cyclones make landfall in the central 
provinces of Vietnam, and it is the reasons to cause flash floods and landslides affecting the 
local people. The climate sciences predict that under the climate change, the typhoon 
intensities would be stronger, causing more and more heavy rainfall, and higher sea level, that 
is the flooding problem worse for this area. 
Based on the statistics of a tropical cyclone in Vietnam 1954 to 2000 (listed on appendix 
2 in this dissertation), there is average from 4 to 6 typhoons struck directly and impacted to 
Viet Nam in total over 30 typhoons are formed in the Western Pacific Ocean. The years which 
has more than ten typhoons affect Viet Nam, such as 18, 12, and 12, 10 typhoons to be in 1964, 
1973, 1978 and 1989 respectively. In Vietnam, the central area is the most affected by 
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typhoons, next is the northern regions and the less frequent is in the South. The typhoons with 
strong wind and heavy rain usually cause heavy damage. There is more than 60 percent of the 
people and over 45 percent of the whole are frequently affected by tropical cyclones, over 250 
deaths because of typhoons every year. Typhoon Linda formed in November 1997, a typhoon 
that appeared rather late in the South China Sea. It quickly made landfall in the small part of 
Binh Thuan province to Ca Mau province of the Southern region of Vietnam, a region with 
hundreds of year without the storms. This storm also knew that the deadliest and costliest 
typhoon in Vietnam with more than 3000 deaths and 7000 billion VND in economic losses. 
In July 2001, Typhoon Duria killed at least 22 deaths in the Central Highlands of Vietnam. 
In the late 1990s, three typhoons, Chip, Dawm, and Elis caused 267 deaths and about $ 100 
million in damage.  Typhoon Koni swept through the northern coast of Vietnam with wind 
speed up to 90km/h; it caused more than 20 deaths and heavy economic losses in the Northern 
provinces of Vietnam. More than 100 people killed and millions of dollars lost by Typhoons 
Chanchu, Durian, and Xangsane. Typhoon Chanchu killed more than 250 fishermen May 2001 
or Typhoon Xangsane in October 2001 caused more than 70 deaths with heavy flood and 
destruction in central provinces of Vietnam. Typhoon Lekima, it also called the typhoon No5 
in Vietnam, It hit in Vietnam on October 3, 2007. The main region affected by this typhoon 
from Ha Tinh province to Quang Ngai province in the central region of Vietnam. Typhoon 
Lekima with strong wind 130 kilometers per hour and heavy rainfall caused severe damage to 
central provinces of Vietnam. According to the reports of local government, more than 90 
people died and 600 billion VND in economic damages. The Con Son was the first tropical 
cyclones in the 2010 Pacific typhoon season affected to Phillippines and Vietnam. Under the 
favorable of environmental conditions, such as low wind shear, warmer surface temperature 
formed this tropical cyclone on July 12, 2010. When Typhoon Con Son hit in Vietnam (In Hai 
Phong, Nam  Dinh, and Thai Binh provinces), the maximum wind speed of this typhoon is up 
to 177 km/h. The storm swept through the areas of Thanh Hoa, Nghe An. Total damage caused 
by Typhoon Con Son was estimated at $ 77.8 million, causing 80 deaths and 99 missing.  
The report of the Central Committee for Flood and Storm Control (CCFSC) during the 
period from 1989 to 2008, total natural disaster losses in Vietnam is approximately US$ 6.4 
billion, equivalent to 1 percent of Vietnam GDP.  Especially, there was a significant increase 
in damage in final three (from 2006 to 2008), the peak of damage is US1.2 billion in 2006 
In 2008, the extreme weather conditions related to storms, heavy rains, and flooding killed 
more than 550 people and caused heavy economic losses with the total amount of economic 
damage was more than USD 700 million.  
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In 2012, there were 27 people died by Typhoon Kai-Tak during it struck in the northern 
area of Vietnam, caused heavy rain, strong winds, these were the main reason of over 12,000 
houses was damaged, more than 56,800 hectares of cropland were submerged. 
In Viet Nam, the economic losses caused by floods and tropical cyclones seem to increase 
over time. For example, between 1985 and 1989 there were more than 540 deaths per year 
because of floods and storms, but in the period from 1976 to 1979, the people died about 225. 
Moreover, there are rising concerns about the impact of climate change on the extreme weather 
events in Vietnam. It is clear that Vietnam is one of the five countries in the world affected 
heavily by climate change because of most population, industry, infrastructure, and agriculture 
area are concentrated in the coastal zones such as Red River Basin and Mekong Delta.  
In general, the economic and human losses caused by natural disasters have a rising trend 
over the past decades. There were more than 87% of the reported disasters (about 18,200 
events), 74% of economic losses (around 2,800 billion USD) and 61% of lives lost (over 1.4 
million) came from high-impact weather events in all the world. From the report of World 
Bank in 2013, the main source of increased damage due to extreme weather events is unstable 
economic development, environmental degradation, and higher population density in the high-
risk regions. The report of IPCC, from some recent decades, the man is one of the reasons of 
the climate change due to unsustainable of economic development, the increase of emissions 
of the greenhouse leads to global warming, sea level rise, leading to flooding storms, and other 
climate phenomena become more extreme. 
Every year, the economic losses caused by floods and tropical cyclone seem to increase 
over time. However, prediction of changing in typhoon intensities, economic losses caused by 
the typhoon, and flood in the future, did not get many concerns by climate researchers and 
scientists in Vietnam. Therefore, in this study, we would like to give the predictions about the 
variations of tropical cyclone intensities, economic losses caused by typhoon intensities, 
economic flood losses under climate change and socio-economic conditions in the future in 
Vietnam. The detail of the aims listed in section 1.1.2 below. 
 
1.1.2. Objectives of the research 
Firstly, for assessing the variation of typhoon intensities in the coastal regions of Vietnam, 
the pseudo-global warming (PGW) downscaling approach (Sato et al., 2007) was applied. For 
this purpose, we selected Tropical Cyclone Lekima from 2007 and made hindcast and PGW 
simulations to investigate the changes in storm intensities and heavy rain. It can be 
accomplished through the following specific objectives: Predicting of variations of typhoon 
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intensities, heavy rain under the global warming in the future, using Weather Research and 
Forecasting (WRF) model. The climate change scenarios using in this dissertation are A1B, 
RCP4.5, and RCP8.5. 
Secondly, estimation of the economic losses caused by typhoon intensity (maximum wind 
speed) under the climate change and socio-economic change in the future for the coastal region 
of Vietnam using the Ordinary Least Squares estimator and regress damages on tropical 
cyclone characteristics. 
Thirdly, the economic flood is computed and predicted at current and in the future under 
the climate and socio-economic condition: A case study of Ngan Sau river basin, Ha Tinh 
province, Vietnam. 
Finally, giving the key findings, research limitations and suggestion for future work in 
predicting and mitigating the economic losses caused by typhoon and floods in the coastal 
region of Vietnam under the global warming and socio-economic change. 
 
1.2. Structure of this dissertation 
In Chapter 2, considering the variations of typhoon intensities, the methods of forecasting 
tropical cyclone intensities at present and under global warming are reviewed, the major focus 
is placed upon the use of dynamic methods combining with ensemble simulation. The 
methodology for assessing the economic losses caused by typhoon intensities and the floods 
was given. 
Chapter 3, the simulation results of variations of tropical cyclone intensities in the present 
and at the end of the 21st century with different climate change scenarios. 
Chapter 4, the result of economic losses caused by storm intensity (maximum wind 
speed) calculated in the present and at the end of the 21st century with global warming and 
socio-economic change.  
Chapter 5, the result of economic flood damage in Ngan Sau river basin, Ha Tinh 
province, under global warming and changes in the socio-economic condition in the future of 
Vietnam. 
Chapter 6, summarizes the significant finding of this study and give some suggestions 






CHAPTER 2. DATA AND METHODOLOGIES 
 
In this chapter, I will present the methodologies and data employed for carrying out the impact 
of climate change on typhoon intensities in Vietnam, the economic losses caused by tropical 
cyclone and flood. Firstly, section 2.1 gives an introduction to the data and methodology in 
forecasting the typhoon intensities under the global warming condition. Secondly, in section 2.2, 
based on the historical data sets, the relationship between typhoon intensities and damage, 
variations of socio-economic and climate conditions, we show the methodology in calculating and 
predicting the economic losses caused by typhoon intensity at current and in the future. Thirdly, 
in section 2.3 we present the methodology for estimating and predicting the economic flood losses 
caused by heavy rainfall. Finally, section 2.4 gives a summary of the methodologies used in this 
dissertation.  
 
2.1. Data and research methodology in forecasting typhoon 
intensities under global warming condition. 
 
2.1.1. Data 
1. JRA-55 (Reanalysis Data Set) 
In this thesis, I used the Japanese 55-year reanalysis produced by Japan Meteorological 
Agency (JMA) for simulating Typhoon Lekima in 2007. JRA-55 is produced by a system based 
on the lower resolution version of JMA's operational data assimilation system, which has been 
significantly improved from JRA-25. In the JRA-55, the atmospheric component is based on the 
increase of four-dimension variation method. The new observation data is used and improved the 
past observation data in JRA-55, the limitations of JRA-25 have been resolved in JRA-55. More 
details are also available in Kobayashi et al. (2015). 
2. Coupled Model Intercomparison Project (CMIP) multi-model dataset 
In assessing of future global warming conditions, Meteorologists used the coordinated 
numerical simulations,  these have been done by many modeling groups using state-of-the-art 
global coupled climate models under the framework of the Coupled Model Intercomparison 
Project (CMIP). In the thesis, I used the future climate projections of the third and fifth phase of 




 In the CMIP3 model, for simulation of the present-day climate, I used the 20th Century 
Climate in Coupled Models (20C3M). For future projections, I used some climate change 
scenarios. The climate change scenario used when using the CMIP3 model is the outputs of 
AOGCM under the Special Report on Emissions Scenario A1B (Nakicenovic and Swart, 2000). 
However, in CMIP5, the scenario used for future climate projections used in this study were 
Representative Concentration Pathways (RCPs) scenarios (RCP4.5 and RCP8.5 scenarios). The 
climate change scenarios using this research shown in figure 2.1. 
A list of the CMIP3 and CMIP5 data and abbreviations of ensemble simulations with PGW 
forcing are given from table 2.1 to table 2.5. 
 
Source: Reto Knutti and Jan Sedlácˇek 




Table 2.1. List of the CMIP3 models with the climate change scenarios A1B used in our research. 
CMIP3_ID Ensemble Name Institute Country Near future Far future 
1 CCCMA_T47 PGW_1 PGW_FF_1 Canadian Centre for Climate Modelling and Analysis Canada 
2 CCCMA_T63 PGW_2 PGW_FF_2 Canadian Centre for Climate Modelling and Analysis Canada 
3 CNRM_CM3 PGW_3 PGW_FF_3 Meteo-France, Centre Nationale de Recherches Meteorologique France 
4 GISS_H PGW_4 PGW_FF_4 NASA/Goddard Institute for Space Studies The United States 
5 INMCM PGW_5 PGW_FF_5 Institute of Numerical Mathematics Russia 
6 MIROC_H PGW_6 PGW_FF_6 
Center for Climate System Research (the University of Tokyo), 
National Institute for Environmental Studies, and Frontier 
Research Center for Global Change 
Japan 
7 MRI_CGCM PGW_7 PGW_FF_7 Meteorological Research Institute Japan 
8 UKMO_HadGEM1 PGW_8 PGW_FF_8 Hadley Center for Climate Prediction and Research, Met Office The United Kingdom 
Table 2.2. List of the CMIP5_RCP4.5 models used in our research. 
CMIP5_ID Ensemble Name Institute Country 
1 CanESM2 CanESM2 Canadian Centre for Climate Modelling and Analysis Canada 
2 CNRM_CM5 CNRM_CM5 Centre National de Recherches Meteorologiques / Centre Europeen de Recherche et Formation Avancees en Calcul Scientifique France 
3 HadGEM2-CC HadGEM2-CC Met Office Hadley Centre (additional HadGEM2-ES realizations 
contributed by Instituto Nacional de Pesquisas Espaciais 
The United 
Kingdom 
4 HadGEM2-ES HadGEM2-ES Met Office Hadley Centre (additional HadGEM2-ES realizations 
contributed by Instituto Nacional de Pesquisas Espaciais 
The United 
Kingdom 
5 GFDL-CM3 GFDL-CM3 Geophysical Fluid Dynamics Laboratory, USA United State 
6 MIROC-ESM MIROC-ESM 
Japan Agency for Marine-Earth Science and Technology, 
Atmosphere and Ocean Research Institute (The University of Tokyo), 
and National Institute for Environmental Studies 
Japan 




Table 2.3. List of the CMIP5_RCP4.5_FF models used in our research  
CMIP5_FF_ID Ensemble Name Institute Country 
1 CanESM2_FF CanESM2_FF Canadian Centre for Climate Modelling and Analysis Canada 
2 CNRM_CM5_FF CNRM_CM5_FF Centre National de Recherches Meteorologiques / Centre Europeen de Recherche et Formation Avancees en Calcul Scientifique France 
3 HadGEM2-CC_FF HadGEM2-CC_FF Met Office Hadley Centre (additional HadGEM2-ES realizations 
contributed by Instituto Nacional de Pesquisas Espaciais 
The United 
Kingdom 
4 HadGEM2-ES_FF HadGEM2-ES_FF Met Office Hadley Centre (additional HadGEM2-ES realizations 
contributed by Instituto Nacional de Pesquisas Espaciais 
The United 
Kingdom 
5 INMCM4_FF INMCM4_FF Institute for Numerical Mathematics Russia 
6 MIROC-ESM_FF MIROC-ESM_FF 
Japan Agency for Marine-Earth Science and Technology, Atmosphere 
and Ocean Research Institute (The University of Tokyo), and National 
Institute for Environmental Studies 
Japan 
7 MRI-CGCM3_FF MRI-CGCM3_FF Meteorological Research Institute Japan 
 
Table 2.4. List of the CMIP5_RCP8.5 models used in our research  
CMIP5_RCP8.5_ID Ensemble Name Institute Country 
1 CanESM2_RCP8.5 CanESM2_RCP8.5 Canadian Centre for Climate Modelling and Analysis Canada 
2 CNRM_CM5_RCP8.5 CNRM_CM5_RCP8.5 Centre National de Recherches Meteorologiques / Centre Europeen de Recherche et Formation Avancees en Calcul Scientifique France 
3 HadGEM2-CC_RCP8.5 HadGEM2-CC_RCP8.5 Met Office Hadley Centre (additional HadGEM2-ES realizations 
contributed by Instituto Nacional de Pesquisas Espaciais 
The United 
Kingdom 
4 HadGEM2-ES_RCP8.5 HadGEM2-ES_RCP8.5 Met Office Hadley Centre (additional HadGEM2-ES realizations 
contributed by Instituto Nacional de Pesquisas Espaciais 
The United 
Kingdom 
5 INMCM4_RCP8.5 INMCM4_RCP8.5 Institute for Numerical Mathematics Russia 
6 MIROC-ESM_RCP8.5 MIROC-ESM_RCP8.5 
Japan Agency for Marine-Earth Science and Technology, Atmosphere 
and Ocean Research Institute (The University of Tokyo), and National 
Institute for Environmental Studies 
Japan 





Table 2.5. List of the CMIP5_RCP8.5_FF models  used in our research 
CMIP5_RCP8.5_FF_ID Ensemble Name Institute Country 
1 CanESM2_RCP8.5_FF CanESM2_RCP8.5_FF Canadian Centre for Climate Modelling and Analysis Canada 
2 CNRM_CM5_RCP8.5_FF CNRM_CM5_RCP8.5_FF Centre National de Recherches Meteorologiques / Centre Europeen de Recherche et Formation Avancees en Calcul Scientifique France 
3 HadGEM2-CC_RCP8.5_FF HadGEM2-CC_RCP8.5_FF Met Office Hadley Centre (additional HadGEM2-ES realizations 
contributed by Instituto Nacional de Pesquisas Espaciais 
The United 
Kingdom 
4 HadGEM2-ES_RCP8.5_FF HadGEM2-ES_RCP8.5_FF Met Office Hadley Centre (additional HadGEM2-ES realizations 
contributed by Instituto Nacional de Pesquisas Espaciais 
The United 
Kingdom 
5 INMCM4_RCP8.5_FF INMCM4_RCP8.5_FF Institute for Numerical Mathematics Russia 
6 MIROC-ESM_RCP8.5_FF MIROC-ESM_RCP8.5_FF 
Japan Agency for Marine-Earth Science and Technology, Atmosphere 
and Ocean Research Institute (The University of Tokyo), and National 
Institute for Environmental Studies 
Japan 
7 MRI-CGCM3_RCP8.5_FFF MRI-CGCM3_RCP8.5_FFF Meteorological Research Institute Japan 
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3. The sea surface temperature (SST) 
In this thesis, the sea surface temperature used in the simulations is from NOAA Optimum 
Interpolation 0.25° Daily Sea Surface Temperature Analysis (NOAA OI SST) (Reynolds et al., 
2007). The horizontal resolution of The NOAA OI SST data set is 0.25° and temporal resolution 
of one day. The Advanced Very High-Resolution Radiometer infrared satellite SST data were used 
in this product. After June 2002, Advanced Microwave Scanning Radiometer SST data were used. 
While in biases adjustment of SST data from satellite, the in situ data from ships and buoys were 
also used. 
4.  Land-surface Conditions 
The land surface condition used in this thesis for numerical simulations such as vegetation 
type, volumetric soil moisture, soil temperature, soil type...I used the data from National Centers 
for Environmental Prediction (NCEP) Final Operational Global Analysis (NCEP FNL), the spatial 
resolution of data is 1.0° × 1.0° (NCEP, 2000). NCEP FNL data are created on a 6-hourly basis 
by the NCEP global data analysis system from July 1999 to the near present. 
5. Rainfall Data for Verification 
As rainfall data for calibration of the Lekima results, we used in-situ observation data from 
seven rain gauge stations in the coastal regions of Vietnam. The locations and names of weather 
stations are shown in figure 2.3 (a). In Vietnam, weather radar stations over the whole territory 
are fairly sparse. Hence, to verification of spatial distribution of precipitation in the central region 
of Vietnam, I compared the simulated results with the APHRODITE precipitation dataset (Asian 
Precipitation - Highly-Resolved Observational Data Integration towards Evaluation). The 
APHRODITE dataset Ver.1101R2, with a spatial resolution of 0.25° for the Monsoon Asia region, 
was used in this study (Yatagai et al., 2012). 
 
2.1.2. Design of Numerical Simulations 
In this study, Weather Research and Forecasting model (WRF) version 3.6.1 were used in 
estimating the Typhoon Lekima intensities and heavy rainfall in present (CTL runs) and the future 
variations of it under the global warming (PGW simulations). Using a two-way nesting grid system, 
as shown in Figure 1 (b). The parent domain (D01) had a 30-km horizontal resolution and the 
higher resolution domain (child domain) D02 had a 10-km horizontal resolution.  
1. Weather Research and Forecasting (WRF) model.  
WRF is a relatively new weather forecast model for forecasting extreme weather events 
such as heavy rainfall, hurricane, and the accuracy in forecasting tropical cyclone intensities 
still unknown. Also, it is not a specifically developed model to use for typhoon simulation. 
However, Davis et al. 2006 used it to simulate the continental, deep, moist convection with 
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horizontal resolution grid was 10km. However, in some recent research, the WRF model has 
given an incredible potential about the accuracy of simulation results in the dynamics and 
inner core structure of a tropical cyclone because of a new moving nest system with the higher 
resolution until 1km or less (Davis and Holland 2007). Rosier (2005), Guo et al. (2006), Snyder 
and Chen (2006), Davis and Holland (2007), and Pattanayak and Mohanty (2008) simulated 
the variation of typhoon intensities and track with the change of initial conditions when using 
the WRF model. There are very few studies have examined the convective precipitation caused 
by typhoons such as Rosier (2005), Gentry and Lackmann (2006), and Bassill and Morgan 
(2008). The importance of cumulative physics scheme selection seems to be surprising for the 
climate sciences in simulating the intensities and track of the typhoon, but it is not unexpected 
because the WRF model is newly used in tropical cyclone simulation in recent years. 
The newest version of WRF model is Version 3.9 release in April 2017.  
The ARW is designed to become a modern and flexible atmospheric simulation system. It is 
suitable for using in a different scales, from meters to thousands of kilometers,  
The ARW is used in a lot of applications and research such as tropical cyclones research, 
regional climate research, forecast research, teaching and learning, data assimilation, and idealized 
simulations...The WRF Modelling System Program Components shows in figure 2.2.  
External data is input into the WPS which creates the domain containing meteorological data 
that is then input into the ARW model solver. There are a number of graphics tools to view output, 
and in this case, ARWpost was used 
Components of the WRF system: The components of the WRF system is shown in figure 2.2. 
Besides the external data sources, there are four major parts of programs in the system, i.e., the WRF 
model (using either the ARW or the NMM solver), the pre-processing system (WPS) the post-
processing & visualization tools, and the model-space variation data assimilation system (WRF-
Var). The ARW / NMM core is the main component of the modeling system, which include of 
initialization programs for idealized and real-data simulations and numerical integration programs 
(in this thesis I used the real-data simulations). The WPS is a pre-processing system of the WRF 
model, the WPS is used for simulating the real-data and defining the simulated domains, interpolate 
the data on the ground surface like terrain, land use…Several programs are supported by post-
processing and visual rising the WRF outputs, which includes RIP4 (based on NCAR Graphics), 
NCL (NCAR Graphics Command Language), ARWpost (converter to GrADS and VisSD), UPP 





2. Model setup and experiment configuration 
This section outlines the general model setup and then describes specific configurations used 
for the experiment. 
Physical dynamic option: The range of physics options in WRF is vast, adding to the 
complication of model setup. Any number of options can be selected and combined in different 
ways. Some are more computationally costly than others but offer more sophistication. Finding a 
balance between sophistication, appropriateness of physics option to tropical cyclone simulation, 
and computation time efficiency, was a challenge. Limitations are inevitable in this work because 
of balancing those factors. 
The physics and dynamics options used in this study can be divided into categories 
Firstly, microphysics (mp_physics) used in this research is the Lin et al. scheme: This is a 
sophisticated scheme include ice, snow and graupel processes, this scheme is suitable for real-data 
and high-resolution simulations (2). Secondly, radiation processes use longwave and shortwave 
schemes. The longwave radiation scheme is RRTM scheme (ra_lw_physics = 1): Rapid Radiative 
Transfer Model Mlawer et al. (1997, JGR). This scheme is using lookup tables for efficiency. It is 
used in accounting for multiple bands and microphysics species. Shortwave radiation is accounted 
for using the Goddard shortwave Chou and Suarez (1994, NASA Tech Memo) 2: Two-stream 
multi-band scheme with ozone from climatology and cloud effects (2). Thirdly, surface layer 
 
Figure 2.2. The components of WRF Version 3.6.1. 
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physics are accounted for using Eta similarity: Used in Eta model. Based on Monin-Obukhov with 
Zilitinkevich thermal roughness length and standard similarity functions, the scheme can use the 
look-up tables (2), and land surface is accounted for Noah Land Surface Model:  
The Unified NCEP/NCAR/AFWA scheme used four layers of moisture and soil temperature, 
frozen soil physics, and fractional snow cover. In version 3.1 was added more new modifications 
to be better for the processes over snow cover area and ice sheets. In version 3.6, a new subtitling 
option is given, it is activated by namelist sf_surface_mosaic = 1, and the number tiles in each grid 
box is defined by namelist mosaic_cat, and the default is 3. Next, the Planetary Boundary layer 
(bl_pbl_physics) used in this study is Yonsei University scheme Hong, Noh and Dudhia (2006, 
MWR). The PBL scheme accounts for vertical sub-grid scale fluxes, similar to how a CP scheme 
works. A PBL supplies the atmospheric tendencies of moisture, temperature, and horizontal 
momentum in the atmospheric column. Finally, the Cumulus Parameterization (cu_physics) is 
Kain-Fritsch scheme: Based on the research of Ma and Tan (2009, Atmospheric research), the 
deep and shallow convection sub-grid scheme by using an approach of mass flux with downdrafts 
and CAPE removal time scale (cu_physics = 1). - kfeta_trigger = 1 – default trigger; = 2-moisture-
advection modulated trigger function. In the new version of WRF, version 3.6 of Alapaty et al. 
2012, Geophysical Research Letters, it may improve the results of simulation in subtropical 
regions when the large-scale forcing is weak - cu_rad_feedback = true – allow sub-grid cloud 




3. Overview of Tropical Cyclone Lekima 
Typhoon Lekima was chosen because it is one of the typhoon causing severe damage when 
made landfall in Vietnam in October 2007. Typhoon Lekima is a tropical depression formed in 
the South China Sea at 06:00 UTC 30 September 2007 at approximately 115oE/14.7oN. Initially, 
it moved in a northwest direction towards Hainan Island, while simultaneously intensifying 
Table 2.6. WRF settings. 
Version of model V 3.6.1 
Number of domain Two 
Horizontal grid distance 30 km (coarse domain); 10 km (fine domain) 
Cloud microphysics Lin et al. method 
Cumulus parameterization Kain-Fritsch scheme cumulus parameterization  





Land surface scheme Noah Land Surface model 
Planetary boundary layer scheme Yonsei University scheme 
Setting of spectral nudging A spectral nudging method was used for atmospheric 
temperature, zonal wind, meridional wind, and 
geopotential height every 6 hours, at altitudes above 
6 – 7 km. 
 
 
 Figure 2.3. a) Location of seven rain gauge observations and b) target domains of downscaling 
in the weather research and forecasting (WRF) model. Areas indicated by dark and light 
shading are D01 and D02, respectively. The spatial resolutions are 30 km and 10 km 
for D01 and D02, respectively. 
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before becoming a tropical storm named Lekima at 12:00 UTC, where it continued in a 
northwesterly direction. After that, the tropical depression slowly changed its direction to west-
north-west and continuing the stronger level. At 00:00 UTC 02 October, it became a typhoon 
category and continuing the direction of the Vietnam coastal region, Typhoon Lekima made 
landfall in Vietnam on 12UTC 03 October 2007 at 106.5oE/17.9oN. Typhoon Lekima attained 
its peak intensity with the maximum wind speed was about 130 km per hour. 
 
Source: Japan Meteorological Agency 
Figure 2.5. The meteorological satellite observation images of tropical cyclone Lekima from 
30 Sep 2007 to 04 Oct 2007. 
 
 
Source: Japan Meteorological Agency Best Track Data | Correction Date: 2007-11-13  
Figure 2.4. a) track of Typhoon Lekima and b) Minimum sea level pressure (MSLP) (hPa) 
and maximum sustained wind speed (MW) in a knot of Typhoon Lekima in 2007.  
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At 00UTC on 2 October, the central pressure of Typhoon Lekima was 975 hPa, the active 
area of Lekiam was over the southeast of Hainan Island. After changing the direction to the 
westward. Typhoon Lekima hit in the central provinces of Vietnam with STS intensity in the 
next day, the typhoon track kept westward. In 06UTC on 4 October, Lekima weakened to a 
tropical depression. It dissipated around the border between Laos and Thailand at 00 UTC on 5 
October. The most dangerous aspects of Storm Lekima were the extreme winds, coupled with 
heavy rainfall and flooding following its path. The characteristic of Typhoon Lekima in 2007 
shown in figure 2.4, figure 2.5, and table 2.7. Total rainfall exceeded 400 mm at many 
observation sites, and the maximum value was 660 mm in Thua Thien Hue Province.   
 Table 2.7. The detail information of location and intensities of Typhoon Lekima in 2007 
Year Month Day Hour Latitude Longitude Pressure (hPa) 
Wind 
(kt) Class 
2007 9 28 18 17 125 1000 0 2 
2007 9 29 0 17 122 1000 0 2 
2007 9 29 6 16 120 998 0 2 
2007 9 29 12 16 119 998 0 2 
2007 9 29 18 15 117 996 0 2 
2007 9 30 0 15 116 994 35 3 
2007 9 30 6 14 115 992 40 3 
2007 9 30 12 14 114 992 40 3 
2007 9 30 18 15 113 990 45 3 
2007 10 1 0 15 113 985 50 4 
2007 10 1 6 15 113 980 55 4 
2007 10 1 12 16 113 980 55 4 
2007 10 1 18 16 112 980 55 4 
2007 10 2 0 17 112 975 60 4 
2007 10 2 6 17 111 975 60 4 
2007 10 2 12 18 110 980 55 4 
2007 10 2 18 18 109 980 55 4 
2007 10 3 0 18 108 980 55 4 
2007 10 3 6 18 107 980 55 4 
2007 10 3 12 18 107 980 55 4 
2007 10 3 18 18 105 992 40 3 
2007 10 4 0 18 104 996 35 3 
2007 10 4 6 18 103 1000 0 2 
2007 10 4 12 17 102 1000 0 2 
2007 10 4 18 18 101 1002 0 2 
Source: Japan Meteorological Agency 
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4. Pseudo-Global Warming Conditions 
In recent years, there have been a number of research works related to the affecting of global 
warming and the climate sciences usually use the simulation output from coupled atmosphere-
ocean global climate models (AOGCMs) for present and future predicted. However, the spatial 
resolution of AOGCM models are usually too coarse (generally several hundreds of kilometer per 
grid), so it is too difficult to investigate and analysis detailed variations in the future of hydrologic, 
atmospheric and meteorological conditions, and extreme weather events.  
The advantages of Pseudo Global Warming Method 
 Providing the simulation results with very high horizontal resolution until 1km or less by 
using the numerical model (WRF model). 
 No need to correct the bias.  
 One of the advantages of pseudo global warming method is to estimate directly the global 
warming effects in the specific year of the past, the bias in the PGW methods is much less 
than the conventional methods because it is obtained by downscaling the objective analysis 
data. So it is easy to compare the differences between present and future climate conditions. 
Besides the advantages, the PGW methods also give some disadvantages and limitations 
listed below: 
 Future climate conditions are based on the present climate weather pattern frequencies 
 The simulation is required with the warmer and moister perturbed boundary conditions so 
the rainfall may increase in the prediction results. 
 The simulation results using PGW method cannot be verified because the uncertainty in 
weather condition of future change  
In CTL runs of Typhoon Lekima, the initial and boundary conditions were prepared from 
JRA-55, NCEP FNL, and NOAA 0.25 interpolated OI SST. Beside of CTL runs, in this thesis, 
I also simulated with pseudo global warming prepared with different CMIPs data. PGW 
conditions were estimated from the difference between future and present climate conditions. 
With the future weather conditions, I obtained from the 10-year monthly mean from 2061 to 
2070 with near simulations and 2091 to 2100 with far simulations, whereas, the present weather 
conditions, I obtained from 1991 to 2000 in 20C3M. So the anomalies of global warming 
between future and present climate conditions were added to JRA-55. Thus, a set of PGW 
conditions was created for the wind, atmospheric temperature, geopotential height, surface 
pressure, and specific humidity. However, the original relative humidity values in JRA-55 were 
kept in the PGW conditions, and specific humidity in these conditions was defined by the 
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relative humidity and the modification of atmospheric temperature of future climate. The SST 
anomaly in PGW conditions obtained from the difference of SST between future and present 
climate conditions in CMIPs output was added to the NOAA SST. 
5. Ensemble methods: 
The numerical weather prediction system using the most modern atmospheric models may 
give positive results in supporting the predictors in the weather forecast. In recent year, many 
models can provide a good enough prediction they can also be used to provide basic information 
on weather forecasts from the output of the direct model. However, we need some post-processing 
to adjust automated forecasts. The output of the direct model can provide a better representative 
result in some elements of weather than others such as temperature, while, the rainfall is much less 
well resolved. However, besides these advantages, it is in fact that the forecast from the best 
models sometimes gives the wrong results. This is more clear in the short time forecast, like several 
days (predict tropical cyclone or flood) because of the chaotic nature of the atmosphere. Weather 
forecasting is conducted by initiating models from the analysis of the variations of atmospheric 
based on the latest observation data are collected around the world. After that, using model for 
calculation how the atmosphere would change and develop from this initial analysis state. The 
Chaos theory means that the way the atmosphere develops is very sensitive to minor errors in the 
initial analysis so that with a tiny error can lead to a large error in the forecast. Even if we have a 
big database of the weather, we can not give perfect analysis so we can not have perfect prediction 
results about the variation of the weather. This is the reason why I used the ensemble method in 
my thesis. In ensemble method, I made very a small variation to the analysis and rerun the model. 
If the results of rerun simulation are similar to each other, I can be believed with my forecast, but 
Table 2.8. Pairs of the scale factors (α and β) in 321 XXXX n ∆∗+∆∗+= βα  
*The original three state (X1, X2, and X3) are not included. 
(α, β) (α, β) (α, β) (α, β) 
(-1/3, 1/3) (0, 2/3) (1/3, 2/3) (2/3, 1/3) 
(-1/3, 2/3) (1/3, -1/3) (1/3, 1) (2/3, 2/3) 
(-1/3, 1) (1/3, 0) (2/3, -1/3) (1, -1/3) 





if it is so different with other simulations, then I will be less confident about the forecast results.  
However, based on the proportion of the ensemble members in the prediction of a tropical cyclone 
intensities, we can understand and give an estimation of the storm intensities. So, ensemble 
prediction method is very important, especially, in short-term forecast such as predicting storm 
intensities, flood... 
In this thesis, the ensemble simulations in the CTL runs and each PGW condition is performed 
by different initial conditions. firstly, the lagged average forecast (LAF) method (Hoffman and 
Kalnay, 1983) was used to obtain three different conditions X1, X2, and X3 (figure 2.6 ). In LAF, 
multiple simulations with different initial times were performed. The three simulations were set 
up with 6-hour lags so that the simulations began at 00:00 UTC, 06:00 UTC and 12:00 UTC on 
30 September. From three ensemble members, two perturbation states (ΔX2 and ΔX3) were 
produced, as follows: 
Secondly, a new state was made from the following equation: 
321 XXXX n ∆∗+∆∗+= βα       (2.1) 
Here, α and β are scale factors of ΔX2 and ΔX3. 
Sixteen new ensemble members were prepared at 00:00 UTC on 01 October. In total, 19 
simulations were made (Figure 2) until 18 UTC 04 October. Pairs of the scale factors are listed in 
table 2.5. Ensemble simulations enable stochastic analysis of differences between CTL runs. 
 
Figure 2.6. Schematic view of ensemble member preparation. Large open circles are the base 
states (X1, X2, and X3) made by the LAF method. Small open circles are newly 




Overall, this part has outlined the general technical principles of Weather Research and 
Forecasting model, detail experimental design and explain the methodology used in this study in 
simulating the variation of the typhoon intensities, heavy rainfall.  
The special changes of each simulation were discussed. Firstly, the total 8 models of CMIP3 
models and 7 models of CMIP5 models with three different climate change scenarios are used 
combined with control runs are selected. Secondly, in each model, ensemble method is used with 
3 ensemble members were created by the lagged average forecast (LAF) (different initial time in 
simulation). From 3 member from LAF method, 16 new members were obtained, so 19 ensemble 
members for each CMIP models. The simulation results of changing in typhoon intensities 
presented in Chapter 3 in this dissertation. 
 
2.2. Data and methodology in the assessment of economic losses caused 
by typhoon intensities under global warming and socioeconomic 
conditions in the coastal region of Vietnam. 
 
2.2.1. Theory of damage estimation 
The theoretical foundation using in this paper is based on the theory of Mendelsohn and Saher 
(2011) and applied to calculate the damage of hurricanes in the United States (United Nations., 
2004) and in the Mediterranean by Sato, T et al., 2007. In this dissertation, the damage of a tropical 
cyclone is total of losses caused by it (D), and the lost houses and infrastructure caused by tropical 
cyclone are focused on. And the economic damage of capital losses is the present value of future 
rent losses. This loss should be balanced to the market value. However, the market value of capital 
is usually smaller than the replacement cost.   
In this thesis, we give an assumption that the damage Dij at the location j of a tropical cyclone 
i. These losses usually take some forms such as direct and indirect losses. For example, the losses 
from the capital and infrastructural destruction, human fatality are the direct economic losses. 
Indirect damage is the mental loss of people when they lose relatives due to typhoons. The losses 
are based both the characters and location of typhoon when it makes landfall Xij and we assume 
the socioeconomic conditions factors Zij in location j when typhoon i struck: 
 
( )ijijij XZDD ,=         (2.2) 
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In the tropical cyclone losses, the damage depends on the typhoon intensities and 
socioeconomic conditions where the storms make landfall. For example, the losses will increase 
if the intensities of typhoon increase following this equation 0>
dX
dD
, However, with the 
socioeconomic conditions, it may increase or decrease depending on the location of a typhoon. 
For instance, if the typhoon hits on the city so the damage may increase when compared with the 
rural area, On the other hand, if the area with a good protection and typhoon warning systems, It 
may reduce the damage because of an adaptation and good typhoon warning systems in the regions. 
So, the influence of the socioeconomic conditions remains an issue to be discussed in the studies. 
In this study, if the probability of storm i is ijρ  that storm i will hit on the location j, during a 
given period depending on the climate condition C and the storm intensities, Xij. The equation in 
calculating the probability of storm shows below. ),( ijij XCρρ =        (2.3) 
The expected damages in a given region, E[D] equal to the total losses multiplied by the 
probability of the storm will make landfall to be integrated over the region. The equation for 
calculating the expected damage show below. 




ij dJdIXZDXCDE ,,ρ                         (2.4) 
In the framework of this thesis, I computed the damage with both impacts of climate and 
socioeconomic change. The impact of socioeconomic is SC, would be equal to expected damages 
after changing socioeconomic conditions minus the expected damages before the variation, and 
keeping all the factors including climate constant at the present levels. The equation shows below. 
( )[ ] ( )[ ]cCZDECZDESC 0001 , −−=                        (2.5) 
Additionally, the impact of climate change on tropical cyclones damages CC is 
balanced with the expected damage after changing in climate minus the value of expected 
damage before the climate changed. 
( )[ ] ( )[ ]0111, CZDECZDECC −−=                    (2.6) 
When separately calculating the impacts of SC and CC, the important thing here is to hold 
everything else constant at the exact levels. For example, when computing the SC, we need to 
keep the climate is constant at current value, and with CC, we have to keep the socioeconomic 
factors constant at the future level. 
Where Z1 and Z0 are the socioeconomic factors at the future and current conditions and C1, 
C0 are the climate factors at future and current conditions respectively. 
24 
 
2.2.2. Data and methodology 
1. Data 
(a) Data on tropical cyclone damages 
The data on tropical cyclone damages are obtained from EM-DAT, the International Disaster 
Database managed by the Centre for Research on the Epidemiology of Disasters. The EM-DAT 
database includes information on natural and technological disasters and is sponsored in Vietnam. 
The data are listed in appendix 2 
(b) Changes in socioeconomic and population density of Vietnam  
 
Figure 2.7. Five shared socio-economic reference pathways (SSPs) located in a space defined 
by challenges to mitigation and adaptation (O’Neill et al., 2012). 
 
 Table 2.9. The annual average GDP per capita growth rate 
 

















































countries 1.3 0.9 1.0 1.4 0.9 1.1 1.1 0.4 0.6 1.5 0.9 1.1 1.5 1.7 0.6 
Middle 
income 
countries 4.4 1.9 2.8 4.0 1.9 2.7 3.4 0.9 1.8 4.3 1.8 2.7 4.5 2.6 3.3 
Low 
income 
countries 4.2 3.9 4.1 3.7 3.3 3.5 2.7 1.0 1.6 3.3 1.8 2.3 4.0 4.5 4.4 




The change in the socioeconomic projection of Vietnam is based on SSPs (Shared 
Socioeconomic reference Pathways) scenarios see figure 2.7 for low-income countries. The annual 
average GDP per capita growth rate in SSPs scenario shown in table 2.9. 
SSP1 - Sustainability 
The SSP1 scenario is an optimistic pathway scenario with small challenges for mitigation and 
adaptation. In this scenario, the population would be fewer and the income is higher. 
SSP2- Middle of the Road 
The SSP2 scenario has an average challenge and development. In SSP2 scenario the global 
incomes and populations growth is at a modest pace and the difference of income between the 
countries is slowly shrinking. 
SSP 3 - Fragmentation 
The SSP3 scenario is the results of the world with higher populations and low-income growth 
SSP 4 - Inequality 
The SSP4 scenario is low challenges for mitigation and high for adaptation. The SSP 4 
scenario shows a world with average incomes and population growth. 
SSP 5 - Conventional Development 
The SSP5 scenario is the scenario with high challenges for mitigation and low for adaptation. 




Here, we use two scenarios in changing of GDP per capita growth rates SSP3, and SSP5, the low 
and high growth rate scenarios respectively. The variation of population density in the future is based 
on the United Nation about world population in 2300. Calculating results present in Table 2.10. 
c) Effect of climate change on Typhoon Lekima intensity.  
In the current study, the pseudo-global warming (PGW) downscaling approach was 
applied to investigate the future variation of tropical cyclone intensity in the coastal regions of 
Table 2.10. The population, GDP, area, income per capita, and population density of Vietnam 
in 2007 and 2100 
Year 2007 2100 SSP3 SSP5 
Population 84,218,500 112,116,053 112,116,053 
GDP (109 VND) 1,248,081 5,462,074 68,452,474 
GDP Per  Capita (VND) 14,819,559 48,718,040 610,550,157 
Areas (km2) 331,000 331,000 331,000 
Pop density (pp km2) 254 339 339 
 
 
Figure 2.8. The max wind speed of CTL runs and different maximum wind speed between 
current and future, and tracks of Typhoon Lekima. 
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Vietnam. For this purpose, we selected Typhoon Lekima from 2007 and estimated the intensity 
of it at current (CTL) and PGW simulations. For assessment of future global warming, we used 
eight models of future climate projections of the third phase (CMIP3), listed in table 2.1. 
Weather Research and Forecasting model (WRF) version 3.6.1 was adopted for the CTL and 
PGW simulations.  
When the calculation of changing of typhoon intensities in both CTL runs and each PGW 
condition, I used the ensemble simulation method with different initial conditions. At first, the 
lagged average forecast (LAF) method was used to obtain three different simulations. From three 
different simulations, we made sixteen new ensemble members. In total, 19 simulations were made. 
Ensemble simulations enable stochastic analysis of differences between CTL and PGW runs. 
Therefore, it could be determined whether the differences were attributable to the effects of global 
warming or chaotic behaviors in the numerical weather model. 
Simulation Results of Typhoon Lekima intensity (maximum wind speed) at current and 
future conditions shown in figure 2.8.  
2. Methodology  
The figure below shows the methodology of economic losses caused by typhoon intensity, 
the analysis takes place in three steps (figure 2.9).  
Step 1: A damage function is estimated using an ordinary least squares estimator on 
historical hurricane and socioeconomic data. 
Step 2: Using the damage function calculate the damages from tropical cyclone tracks 
simulated both for the current climate and for future climate. 
Step 3: To estimate tropical cyclone damages under the climate change and socio-economic 
conditions 
 
Figure 2.9. The methodology in estimation of economic losses caused by typhoon 
intensities used in this research. 
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In this thesis, the historical data is used to compute the relationship between the tropical 
cyclone intensities and economic damages  
The damage per storm (D) was regressed on intensity (Z) (with the Vietnam data), 
population density (Pop), and income per capita (Y) using storms since 1992 to 2014. The 
functional form of the regression is in the following form: 
ε++++= ZBYBPopBBD o lnlnlnln 321
                    (2.7) 
Where (ε) is the error term and (Bi) are the estimated coefficients. Exponentiations both 
sides of the equation: 
ε××××= 321 BBBo ZYPopBD
                     (2.8) 
Note that this functional form implies a constant elasticity relationship between the 
independent variable and damage equal to the coefficients. For example, 100 percent increase in 
income leads to a B2 increase in damage. This functional form fits the data more closely than 
alternative semi-log or linear functional forms. 
Table 2.11 shows the damages functions used in this analysis. In my thesis, the Ordinary 
Least Squares estimator and regress damages on socioeconomic factors and tropical cyclone 
intensities were used to compute the damage. 
The calculation results of economic losses caused by typhoon intensities shown in Chapter 
4 of this dissertation. 
 
2.3. Data and methodology in forecasting economic losses caused by 
flood under global warming and socio-economic condition: A case 
study in Ngan Sau River basin, Ha Tinh province, Vietnam. 
 
2.3.1. Establishing the flood map for Ngan Sau River basin, Ha Tinh province, 
Vietnam 
1. Catchment overview 
Table 2.11. The estimated coefficients in damage functions 
Variable Coefficients Variable Coefficients 
Bo 0.972 ε 0.971 
B1 0.864 No of Observations 46 
B2 0.591 Adjusted R2 0.444 




The Ngan Sau River is a tributary of La river. The river is about 131 km long, originating 
from the Ong Giao Thua (1,100 m) and the Cu Lan (1,014 m high) mountains in the Truong Son 
mountain range that has the border with two provinces of Ha Tinh and Quang Binh, Viet Nam. The 
Ngan Sau river flows to the north through Huong Khe, Vu Quang, Duc Tho, and Huong Son districts 
(Ha Tinh province) and has a confluence with Ngan Pho river at Tam Soa (or Tam Soa), Duc Tho 
district to form the La river. The basin area is 3,214 km2, 360 m average height, 28.2% average slope, 
and 0.87 km/km2 river density. The average annual water volume is 6.15 km3 corresponding to an 
annual average flow of 195 m3/s and a flow rate of 47 l/s. Km2. Flood season is short from September 
to November. Flood flow is approximately 56-57% of annual flow. The tributaries of Ngan Sau river 
are Tiem and Ngan Truoi rivers. The location of Ngan Sau river basin shown in figure 2.10.  
Huong Khe located in Ngan Sau river basin which is a mountainous district of Ha Tinh 
province in the central area of Vietnam. The Huong Khe district lies from 17°58’ to 18°23’ N and 
from 105°27’ to 105°56’ E. The weather conditions in Huong Khe district is the tropical monsoon 
with two distinct seasons, the hot and dry seasons: 1) the hot season is from April to August usually 
affected by southwest monsoon winds in June and July; 2) the cold season from November and 
finished in March of next year. Based on the statistic of the Institute of Meteorology, Hydrology, 
and Climate changes, the average temperature of this district is around 25°C. The average annual 
rainfall is approximately 2500 mm. The rainy season is about 85% but in August and September 
rainfall accounted for about 60% of total rainfall of the year. In the dry season, January and 
February, it is the driest months with only near 100 mm in total rainfall. The topography of this 
area is steep and divided by a high density of rivers and streams. 
 
Figure 2.10. (a) the location of Ngan Sau river basin, (b) target domains of downscaling in the 
weather research and forecasting (WRF) model. Areas indicated by dark and light 
shading are D01 and D02, respectively. The spatial resolutions are 30 km and 6 km for 
D01 and D02, respectively. 
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 2. Data 
a. Topographic information 
The topography data used in my thesis was downloaded from the website of USGS 
HydroSHEDS for RRI simulation, which is a global scale dataset offered by the United States 
Geological Survey (USGS). The dataset includes elevation, flow direction, and flow accumulation 
data with 15 arc-second resolution (about 500 m). Figure 2.11 below shows topography input data.  
b. Land use map. 
The effects of land cover can be reflected in RRI model by assigning different parameter. 
The land cover data, we used Moderate Resolution Imaging Spectroradiometer (MODIS) with 0.5 
km resolution. The original land cover data of Ngan Sau river basin is too detail to assign all 
 
Figure 2.11. Topography Input Data 
 
Figure 2.12. The original land use, reclassify land use, and possible land use in the future of 




different parameters; therefore, similar land cover types in this area were merged into three 
categories: Cropland, urban-build up and mix-forest. Figure 2.12 shows the land cover map used 
in this study.  
The change in the socioeconomic projection of Ngan Sau river basin is based on SSPs 
scenarios for low-income countries. Here, we use two scenarios in changing of GDP per capita 
growth rates SSP3, and SSP5, the lowest and highest growth rate scenarios respectively. Variation 
of population density in the future is based on the United Nation about world population in 2300. 
The change of land use depends on the socioeconomic development scenarios and planning the 
land use of the community. In the future, urban and agricultural areas will be increasing, whereas 
the forest area will decrease. The calculated results show in table 2.12. 
c. Rainfall 
Rainfall for verification of flood simulation results, we used in-situ observation data from 
twenty-seven rain gauge stations in the central region of Vietnam. The results show that the spatial 
distribution of simulation results of heavy precipitation correlated highly with observed data from 
0.65 to 0.82 at all the rain gauge stations. Whereas the heavy rain causes the flood in the future used 
in the current study, the pseudo-global warming (PGW) downscaling approach was applied to 
Table 2.13. List of the CMIP5_RCP8.5 models used for analysis 
CMIP5_RCP8.5_ID Institute Country 
1. MIROC-ESM 
Center for Climate System Research (the University of 
Tokyo), National Institute for Environmental Studies, 
and Frontier Research Center for Global Change 
Japan 
2. MRI-CGCM3 
 Meteorological Research Institute Japan 
3. INMCM4 Institute for Numerical Mathematics Russia 
4. GISS-E2-H NASA/Goddard Institute for Space Studies  United States 
5. CNRM_CM5  Meteo-France, Centre Nationale de Recherches Meteorologique France 
6. HadGEM2-ES  Hadley Center for Climate Prediction and Research, Met Office United Kingdom 
 
 
Table 2.12. Variations of socioeconomic, population density, and land use in Ngan Sau river 
basin, Ha Tinh province, Vietnam. 
Year 2007 2100 Total 
Parameters Urban Crop Mix 
forest 
Urban Crop Mix 
forest 
Area (km2) 12.25 546.25 1844.25 17.25 595.5 1791.5 204.25 
SSPs scenarios  SSP3 SSP5 
Population (people) 248,409 330,695 330,695 
Population density (people per km2) 103 138 138 





investigate the future variation of torrential rains in the Ngan Sau River basin, Ha Tinh, Vietnam. 
For this purpose, we selected a flood event in August 2007 and estimated the magnitude of it at 
current (CTL) and PGW simulations. For assessment of future global warming, we used future 
climate projections by six GCMs in the 5th phase of Coupled Model Intercomparison (CMIP5). The 
name of GCMs is listed in table 2.13. The future climate change scenario used in this study is RCP8.5. 
Weather Research and Forecasting model (WRF) version 3.6.1 was adopted for the CTL and PGW 
simulations. For more details of this methodology, refer to Tran and Taniguchi (2016) 
The simulation results of heavy rainfall from seven PGWs and CTL runs shown in 
figure 2.13 to figure 2.15. 
 
Figure 2.13. The max hourly and total rainfall in Ngan Sau River basin from CTL runs and 6 
PGWs models. 
 
Figure 2.14. The spatial distribution hourly rainfall of CTL runs and difference hourly rainfall 
between PGWs experiments and CTL runs. Left-and right-hand color bars are for max 
hourly rain of CTL runs and the differences between PGWs and CTL runs respectively. 
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Figure 2.13 shows the max hourly and total rainfall in Ngan Sau river basin. The smallest 
results of hourly rain came from HadGEM2_RCP8.5 models is around 130 mm, whereas, the max 
hourly rain is 528 mm of INMCM4_RCP8.5 models compared with 478 mm of CTL runs. Only 
one model shows an increase in rainfall whereas 5 models show a decrease in rainfall compared 
with CTL run. However, when considering about total rainfall in a period of the flood event, there 
are 3 over 6 models shows the result of heavy rainfall higher than CTL run such as CNRM-CM5, 
INMCM4, and MRI-CGCM3 models.  
Figure 2.14 and figure 2.15 show the distribution of max hourly and total rainfall simulated 
by CTL runs and different hourly and total rainfall between PGWs and CTL. It is clear that in the 
future, under global warming, the trend of heavy rain will shift to the southern  area and expand 
to the Lao and Thai (figure 2.15) 
d. Evapotranspiration 
In the flood simulation of Ngan Sau river basin, the flow losses in the basin were subtracted 
4 mm per day due to evapotranspiration, which is similar to previous studies (Tanaka et al., 2003) 
e. Flood events 
 The description data of flood events in 2005 and 2007 at the Hoa Duyet hydrological station, 
Ngan Sau river basin for flood verification used in this study are collected by combining different 
sources (e.g. scientific publications and project reports, official statistical yearbooks, regional 
statistical database). The database of flood events shown in figure 2.16.  
 
Figure 2.15. The spatial distribution total rainfall of CTL runs and difference total rainfall between 
PGWs experiments and CTL runs. Left-and right-hand color bars are for maximum total 
rain of CTL runs and the differences between PGWs and CTL runs respectively. 
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 For the calibration of flow, in this part, I simulated flood events in two years in 2005 and 
2007. The observed and simulated discharges at Hoa Duyet hydrological station, Ngan Sau river 




The method of estimating the economic flood damage has followed the step in figure 2.17, 
for the current situation, and under global warming and socio-economic development (with SSPs 
scenarios). The economic value of buildings and land-use classes have been determined using 
different data sources. 
1. Flood simulation 
In this thesis, for simulating the flood event in Ngan Sau River basin, we used the 
hydrodynamic model named Rainfall-runoff-inundation (RRI) model. 
 Overview of RRI model 
From the report of Sayama et al., 2012, Sayama et al., 2015a, Sayama et al., 2015b, RRI model 
is a two-dimensional model can simulate the relationship among rainfall, runoff and flood 
inundation (figure 2.18). The slopes and river channels can be considered separately in the model. 
At each grid, where a river channel is located, an assumption that both slope and river are in the 
same grid of the model. Using 2D diffusive wave model calculates the flow of the slope grid cells. 
while the 1 D diffusive wave model calculates the channel flow. To improve the accuracy of the 
simulation results in the RRI model, underground flows, vertical infiltration flow, and surface 
runoff are computed. In the mountainous regions, the lateral subsurface flow is usually more 
 
Figure 2.16. The observed and simulated data at Hoa Duyet hydrological station, Ngan Sau 




important, is accounted in terms of the relationship between flow and hydraulic gradient which 
takes into calculation both saturated subsurface and surface runoff. Otherwise, the Green-Ampt 
model is used to estimate the vertical infiltration. The interaction of flow between slope and 
the river channel is calculated based on the different formulation, depending on levee-height 
and water-level conditions. 
 Governing Equation of RRI model 
A method to calculate lateral flows on slope grid-cells is characterized as “a storage 
cell-based inundation model" (e.g. Hunter et al. 2007). In RRI model, all equations are 
 
Figure 2.17. Schematic overview of the methodology utilized in this study. 
 
Figure 2.18. Schematic diagram of Rainfall-Runoff-Inundation (RRI) Model. 
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derived based on the mass balance equation (1) and the momentum equation (2) for gradual 





























































           (2.9) 
Where h is the height of water from the local surface, qx and qy are the unit width discharges in 
two directions x and y, u and v are the flow velocities in x and y directions, r is the rainfall intensity, f 
is the infiltration rate, H is the height of water calculating from the datum, ρw is the water density, g is 
the gravitational acceleration, and τx and τy are the shears stresses in x and y directions.  
Using Manning's equation for calculating the second terms of the right side of (2) and (3) 
equation. Darcy's law is used in the RRI model for considering the percolation and groundwater 
flow. Then, The spatial difference in the mass balance equation (1) is discretized by the finite 
difference method, and the different time is solved by the fifth-order Runge-Kutta formula. 
The river depths D (m) and widths W (m) were estimated by the equations (2.10), (2.11).
    
ws
w ACW =              (2.10)  







Figure 2.19. A, B, C is surface/subsurface flow conditions 
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Where A is an upstream contributing area (km2). About the parameters in equation 2.10 and 
equation 2.11, in this research, because of lack the data about river cross sections of Ngan Sau 
river, so the parameters in the equations 2.10 and 2.11 were estimated from regression analysis, 
the width of Ngan Sau river based on the google earth images to measure the width of the river, 
and checked with the local technical reports. The depths of the river also got from the local 
technical report. Finally, we obtained the parameter 
225.025.6 AWidth ×= and
175.075.3 ADepth ×=
. The parameters are input in RRI models listed in table 2.14.  
 
Figure 2.20. The spatial distribution of maximum flood map simulated by CTL runs and 6 
PGWs simulations. 
Table 2.14. The parameters set for RRI models in simulation 
 
Parameters Number of land use Mixed Forest Croplands Urban and built up 
Precipitation Observation, prediction Observation, prediction Observation, prediction 
Cross section Estimated by equations (1) and (2) 
ns_river (m-1/3s) 0.015 
ns_slope (m-1/3s) 0.7 0.5 0.15 
Soil depth (m) 1 1 1 
Gmamaa (-) 0.471 0.463 0.501 
Ka (m/s) 0.3 0.3 0.3 
Gammam 0.15 0.05 0.15 




For each land cover class, decide (A), (B) or (C) in the following figure 2.19 depending on 
infiltration and subsurface processes, so that the number of calibration parameters will be limited. 
In this study, selecting case C for the surface and subsurface flow conditions in the calculation. 
2. Results of flood simulation 
The inundation map created by the RRI model of Ngan Sau river basin, Ha Tinh province, 
Vietnam. The inundation map will be used in this study to create the damage map based on the 
precipitation from 12:00 UTC Aug 06 to 18:00 UTC Aug 11, 2007, flood events and simulation 
results of torrential rains at the end of the 21st century of six PGWs models with the climate change 
scenario is RCP8.5. Simulation results of the maximum inundation depth of CTL runs and six PGW 
simulations shown in figure 2.20. 
3. Economic flood damage 
The damages caused by the natural disasters are usually classified into two categories, which 
are tangible and intangible losses. Intangible losses are one of the difficult indicators to compute 
in economic value, likes mental tremor to the victim, inconvenience, and disruption of social 
activities...whereas, the tangible damage is those which could be calculated by economic values 
such as losses of houses, destroy of infrastructures...In the research of UNSW, 1981; Green et al.; 
1983, Parker et al., 1987 about the flood damage, both tangible and intangible damage can be 
divided two type of losses, that are direct and indirect losses. In this thesis, the scope of damage 
estimation for the Ngan Sau River basin is limited to tangible damage. 
a. Damage functions 
The economic flood losses are one of the main climate impact categories. There are many 
reports on the assessment of the economic flood losses from local to regions such as (Bouwer et 
al. (2010)) with local scale or Te Linde et al. (2011) with region scale. Whereas the studies in the 
continental are fewer, for instance, Jongman et al. 2014 performed his research about the flood 
damage assessments. In recent year, the global flood impacts assessment tools have been 
developed such as the study of Arnell and Gosling (2014). However, these evaluation tools have 
some limitations, like the lack of a database of flood damage functions, it is possible to convert 
flood water depth into direct economic losses. The local to regional damage models are developed 
and available in Europe and the United State. But, in the most regions of the world, the relationship 
between water flood depth and economic losses is lack and limited. The relationship between the 
occurrence of the flood events and economic losses can be found when using the damage functions 
(damage models). 
The losses estimation functions consist of some kinds of tangible flood damages namely 
infrastructure, house, transport, agriculture, and forest. The damage functions used in this study 
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from JRC Technical Report about global flood depth-damage functions (European Commission) 
– 2017 for all over Vietnam shown in figure 2.21. 
b. Urban land damage 
The Urban land loss is represented by three types of land use that are house, transport, and 
infrastructure.   
 House damage function:  
There are a lot of sciences developing the household damage function. Such as, Kok et al. 
(2005) developed the standard method to calculate flood losses for various land use including 
houses. He made different functions for varies housing types from low to high rise building. In 
2017, Joint Research Centre (JRC), the European Commission’s science also gave the damage 
functions for a residential area in the world, and the loss also depends on the type of houses, 
inundation depth, and duration of flooding. In this study, the residential damage curve from JRC 
for Vietnam is used, the equation for estimating losses in each grid is given below 
houseurbanhousehousehouse PAcfD ×××=        (2.12) 
Where Dhouse is house damage (USD), ch= is % of houses covered surface in an urban land, 
Aurb= is the area of the urban land (m2), fhouse= is water depth-damage factor of a residential area, 
and Phouse= is the average price for 1 m2 for apartment/ house. 
 Transportation system damage function 
Transport losses depend on the different type of roads, such as highways, rural roads, and 
railroads, for example, De Bruijn constructed a loss curve for the roads and railways in Mekong 
Delta. In 2017, Joint Research Centre (JRC), the European Commission’s science also gave the 
 
Figure 2.21. The damage functions from JRC Technical Report about global flood depth-




damage functions for transport area in the world and Vietnam. The loss curve for transportation 
system is used from JRC, and in each grid, the transport losses are computed by the equation below. 
transporturbantransporttransporttransport PAcfD ×××=                                 (2.12*) 
Where Dtransport is transportation system damage (USD), ctransport= is % of transportation system 
covered surface in an urban land, Aurban= is the area of the urban land (m2), ftransport= is water depth-
damage factor of transportation system, and Ptransport= is average price for 1 m2 of road 
 Infrastructure damage functions 
The Infrastructure damage depends on type assets in the area. In this study, the loss function 
from JRC for Asia region is used. The damage equation in each grid shows below. 
tureinfrastructureinfrastructureinfrastructureinfrastruc PAcfD urban ×××=                            (2.12**) 
Where: Dinfrastructure is infrastructural damage (USD), cinfrastructure= is % of infrastructure 
covered surface in an urban land, Aurban is the area of the urban land (m2), finfrastructure= is water 
depth-damage factor, and Pinfrastructure= is the average price for 1 m2 of infrastructure area. 
 Total economic losses in the urban area  
Total economic losses in the urban area can be calculated as the summation of each 
component above 
Durban= Dhouse + Dinfrastructure + Dtransport                          (2.13) 
Where: Dhouse house damage, Dinfrastructure infrastructural damage, Dtransport, and Durban total 
economic losses in the Urban area (USD). 
c. Agriculture damage function 
In Vietnam, many types of rice farming systems and rice varieties are used, depending on soil 
type, elevation, flood frequency, flood depth and flood duration. In the rice land of the Ngan Sau 
River basin mainly the dry season recession rice is cultivated. Therefore the damage curve for this 
rice type is used. It is assumed that all area of rice land is the same so that the loss curve will be 
used for the whole area. The damage to agricultural products in each grid is estimated following 
the equation below. 
eAgricultureAgricultureAgricultur PYAcfD eAgricultureAgricultur ××××=     (2.14) 
Where Dagriculture is agricultural damage (USD), cagriculture= is % of cultivated land over total 
agricultural land. Aagriculture= the area of total agricultural land (ha) fagriculture= is water depth damage 
actor with agricultural land.  Y is the yields of rice (ton/unit area) and Pagriculture= is average price 
for 1 unit weight of the crop 
d. Forest damage function 
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In this research, the forest losses are dependent on inundation depth, the development stage, 
and duration of flooding.  
forestforestforest PAcfD forestforest ×××=       (2.15) 
Where Dforest is forest damage (USD), cforest= is % of trees cover over total forest land, Aforest= 
is the area of total forest land (ha), fforest= is water depth damage factor with forest land, and Pforest= 
is average price for 1 ha of harvest forest  
4. The changing in socioeconomic of Vietnam in the future 
In Ngan Sau river basin, the land use coefficients, crop yields, and production prices per each 
grid in the future will increase under pressure of population growth and the demanding of 
socioeconomic development. The changing in the socioeconomic development projection of Ngan 
Sau river basin based on SSP3 and SSP5 scenarios for low-income countries. Computed results 





Table 2.16. The urban land use coefficient and construction prices 
Urban land 
    House Road infrastructure 
Current % land use of Urban land 20% 13% 23% 
Price (USD) 95 30 120 
Future 
% land use of Urban land 25% 20% 30% 
Price (USD) (SSP3)  118.75 37.5 150 
Price (USD) (SSP5) 142.5 45 180 
 
 






(ton/ha) cagriculture (%) 
Price 
(USD/ha) cforest (%) 
Current 267 2.7 70 5,000 45 
Future (SSP3) 400.5 3.36 85 6,250 60 
Future (SSP5) 467.25 3.36 85 7,500 60 




2.4. Chapter summaries 
The aims of this chapter show the methodologies used in calculation and prediction of the 
typhoon intensities, heavy rainfall, economic losses caused by typhoon and flood both current and 
in the future under the global warming conditions and socio-economic change.  
Firstly, in predicting of variations of typhoon intensities, the pseudo-global warming 
method is used. To reduce the bias and errors in simulating results, the authors used ensembles 
simulation methods with different initial conditions were performed for current and PGW 
condition (the climate change scenarios used in this dissertation is A1B with CMIP3 models and 
RCP4.5 and RCP8.5 scenarios for CMIP5 models). The weather research and forecasting model 
(WRF 3.6.1) was adopted for the CTL and PGW simulations. The simulation results of typhoon 
intensities shown in Chapter 3. 
Secondly, using the historical data sets of economic losses from EM-DAT website caused by 
typhoon intensities (maximum wind speed),  We investigate the historical impact functions of 
storm damage by using the Ordinary Least Squares estimator and regress damages on tropical 
cyclone characteristics. Based on simulation results of Typhoon Lekima in 2007 under global 
warming, socioeconomic development scenarios SSPs (Shared Socioeconomic reference 
Pathways) and the population density of Vietnam, we estimate the impact of climate and 
socioeconomic changes on tropical cyclone losses at the end of 21st century. The calculation results 
presented in Chapter 4. 
Finally, the methods of assessing and predicting the economic flood damages based on 
hydraulic models (RRI model), socioeconomic development scenarios, and damage functions. The 
variation of heavy rain causes the flood in the future was investigated using numerical simulations 
under the pseudo-global warming (PGW) conditions, constructed using fifth-phase results of 
Coupled Model Intercomparison Project multi-model global warming experiments 
(CMIP5_RCP8.5). The changes of socioeconomic development scenarios utilized in this study are 
SSPs scenarios (Shared Socioeconomic reference Pathways) and a population density of Vietnam 
to estimate potential damage in 2100. In this study, the damage function for the different type of 
land use is selected and applied to compute economic losses caused by flood event in August 2007 
and floods under global warming condition of Ngan Sau River basin, Ha Tinh province. The 






CHAPTER 3. RESULTS OF TYPHOON INTENSITIES 
VARIATION UNDER GLOBAL WARMING IN COASTAL 




In recent years, a series of super typhoons have made landfall along the world's coastal 
regions, which caused enormous economic destruction and human losses. For example, in 2005, 
Hurricane Katrina made landfall in the United States caused more than 140 billion USD in 
economic losses and over 2000 deaths and missing, or in 2013 super typhoon Haiyan, the 
deadliest typhoon struck in the Philippines, it killed over 8000 people and near USD 2.8 billion 
in economic losses. Emanuel K, 2005; Kunkel K et al, 2013 suggested that the increase of 
typhoon intensities may associate the climate change. However, the observed variations of losses 
under the climate change are difficult for damage estimation and prediction, because of the 
strong economic development trend in the coastal zones in all the world and the highly stochastic 
natural tropical cyclone damages, and the natural multi-decadal variables of typhoon pattern 
(Emanuel K, 2011; Pielke RA, Jr, 2007). So, the efforts for understanding in the effects of the 
global warming on the economic damage caused by tropical cyclones are based on the simulation 
results of prospective modeling (Bender MA et al., 2010; Choi et al., 2003; Mendelsohn R et al., 
2012; Schwierz C et al., 2010). 
One of the much of concern of climate sciences about the global warming in the future is 
the increase of typhoon intensities at the end of 21st century. There are many climate sciences 
and researchers have attempted to find the global warming related to the increase of sea surface 
temperature (SST) with an increase of CO2 scenarios and global climate models GCMs such as 
Broccoli et al., 1990; Haarsma et al., 1993; Krishnamurti et al., 1998; Nguyen and K.J.E.Walsh, 
2001, Chauvin et al., 2006; Bengtsson et al., 2007; Gualdi et al., 2008. The most of these studies 
showed an increase in the intensities but a slight decrease in frequency of typhoons in the most 
of GCM models in the global. 
There is a fear that the consequence of global warming may increase in frequency and 
intensities of tropical cyclones because of rising the sea surface temperature. There is some 
evidence about the relationship between global warming and typhoon intensities may have 
occurred already, (Webster, Holland et al. 2005). Elsner et al. (2008) also did his research to 
examine the variations of maximum wind speed caused by typhoons and found a significant 
upward trend.  
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In clearly, to understand the typhoon intensities seem to be impacted by the rising of global 
temperatures, the climate sciences have simulated with series of models by using the powerful 
supercomputers, as highlighted in the Fourth Assessment Report on Climate Change (IPCC4AR). 
For example, the research of Knutson and Tuleya (2004) who simulated typhoon with an 
anomaly of sea surface temperature (SST) from +0.8° to +2.4°C (it is an assumption that the 
linear increase in +1% of CO2 until to the end of 2085). 
From the summary of Knutson et al (2010) about the simulation results of storm intensities 
with higher spatial resolution models than those used in the previous studies leading to the 
IPCC4AR. The results indicated that tropical cyclone intensities would increase by from 2 to 
11% at the end of 21st century. 
Vietnam is a country located in Southeast Asia with more than 3260 km long coastline. 
Based on the reports of Garcia 2002, Vietnam is one of the five countries in the world affected 
heavily by climate change and tropical cyclones. There are from four to six typhoon made 
landfall in the coastal regions of Vietnam per year in a total of 30 storms formed in the Northern 
Pacific Ocean. From the research of Nguyen Thi et al. (2012) about the relationship between a 
regional and seasonal characteristic of rainfall and storms in the coastal areas of Vietnam. The 
results showed an increase in total rainfall up to 25%, especially, in the central provinces of 
Vietnam receives maximum values with the highest frequency of typhoons. 
In this chapter, based on the methodology presented in Chapter 2, section 2.1, I will 
present the simulation results of variations of typhoon intensities under the climate change 
with different CMIP models. 
 
3.2. Results of typhoon intensities  
 
3.2.1. Typhoon intensities at current climate condition  
Results of CTL runs are presented in section 2.1 to assess typhoon intensity and compared with 
observation data, in term of minimum sea level pressure (MSLP), 10 –m maximum surface wind 
(10–m wind), the track of Typhoon Lekima, and spatial distributions of MWS are given below. 
 
3.2.1.1. Minimum sea level pressure, maximum wind speed and track of Typhoon Lekima 
a. Minimum sea level pressure (MSLP) 
Figure 3.1 illustrates the change over time of Typhoon Lekima intensity in term of MSLP, 
(the average value from nineteen ensemble members), the spatial distribution of average MSLP at 
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12UTC 03 October for CTL runs and JMA best-track. Simulation results of MSLP are less than 
the estimated value of JMA. At 12UTC 03 October, the observed intensity of Typhoon Lekima 
was stronger than simulation value. For instance, the value of MSLP from JMA was 980 hPa 
compared to 985.13 hPa of average simulation values from nineteen ensemble members. After 
typhoon Lekima had made landfall, the observed values show that the typhoon intensity 
downgrade rapidly from 980 to 998 hPa in about 12 hours, Whereas, the simulation results show 
that the typhoon intensity decreased 12 hours slower than the observation data of JMA. It is noted 
that there was a stronger intensity of simulation results in 12 hours after made landfall when 
compared with observation data. Along the track of Typhoon Lekima for every 6 hours intervals, 
 
Figure 3.2. a) MWS from JRA 55 data, (b) simulation result of average MWS from nineteen 
ensemble members and track, red line, and green lines denote the real-time track and 
forecast tracks from nineteen ensemble members of CTL runs respectively. 
 
Figure 3.1.  The change of MSLP along the track of Typhoon, black solid line, blue solid line 
show the observation and average simulation result of nineteen ensemble members of 
MSLP respectively and dashed lines indicate the result of each ensemble member. The 
axis shows the sea level pressure hPa. 
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the highest difference between simulated value and estimated value is 8 hPa at 06UTC 02 October. 
All simulation results of the typhoon intensity from nineteen ensemble members in the first 60 
hours are higher than estimated results from JMA. 
 b. The maximum wind speed (MWS) 
- Maximum wind speed and tracks 
Figure 3.2 (a) shows the spatial distribution of MWS of JRA 55 dataset and simulated results 
during 06:00 UTC 01 October-18:00 UTC 04 October. Authors recognized that ensemble-mean 
maximum wind speed from CTL runs tended stronger than JRA55 and expanded from North to 
the South, from the sea to inland during typhoon of Vietnam. 
Figure 3.2 (b) shows the spatial distribution of MSLP from nineteen ensemble members at 
12UTC 03 October 2007. From figure 3.2 (b), we can see the location of typhoon center at made 
landfall time in Vietnam is 18.0 N, 106.5E, whereas, the observation results from JMA is 17.9N 
and 106.5E. Thus, the simulated result of the location of the typhoon is compatible with the 
position of observed results from JMA. 
Figure 3.3 shows the variations of MWS along the track of typhoon Lekima. The average 
values from nineteen ensemble members (the green line) are closer to observation data from JMA 
(the red line). At 06UTC03OCT (the time typhoon Lekima made landfall in the central region of 
Vietnam), the most of the simulation results from 19 members shown slight higher value compared 
CTL runs. The MWSS at that time is 32 m/s whereas the observation data is 28 m/s. After made 
landfall, the observation data show the intensity decrease faster than simulation results.  
b. Track of Typhoon Lekima 
Track of Typhoon Lekima simulated by WRF 3.6.1 is also shown in figure 3.2 (b). The 
simulated tracks from nineteen ensemble members are consistent with the JTWC best-track during 
 
Figure 3.3. The change of MWS along the track of Typhoon Lekima, blue solid line, red solid 
line shown the observation and average simulation of MWS from nineteen ensemble 
member respectively, while dashed lines indicate each ensemble member. 
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a typhoon. Forecasting the track of Typhoon was also performed by WRF during 01st – 04th 
October 2007, the forecast typhoon Lekima track complied well with the simulated track using 
the JRA-55 dataset, NCEP FNL, and NOAA 0.25. 
3.2.1.2. The variation of rainfall 
In control runs, Typhoon Lekima made landfall in the coastal region of Vietnam at 12:00 UTC 
3 October at 106.5oE/17.9oN, it caused heavy rain in the central regions of Vietnam. Figure 3.4 (a) 
indicates that total rainfall in the coastal area of Vietnam from 06 UTC 01 October to 06 UTC 04 
October 2007 tended to be underestimated in the CTL results when comparing with observation data 
at rain gauge stations. The maximum and minimum rainfall measured 447.0 mm and 117.6 mm at Da 
Nang and Quang Ngai rain gauge stations respectively, while average simulation results from nineteen 
ensemble members are 221.57 mm, 136.74 mm, and the maximum simulated rainfalls are 362.79 mm 
and 264.67 mm at Da Nang and Quang Ngai respectively. 
Figure 3.4 (b) and (c) show the spatial distribution of total precipitation of the APHRODITE 
dataset, and ensemble mean results of CTL. Similar to the result of APHRODITE, heavy rainfall 
spreads from the north to the south, and concentrates mainly along the central region of Vietnam. The 
total rainfall ranges from 200 mm to 300 mm along the coastal area in central parts of Vietnam. 
However, APHRODITE rainfall ranges from 100 mm to 150 mm along the coastal area, so the 
quantity of precipitation is larger in CTL than in APHRODITE. It is the main reason causing severe 
flooding and damages of the central provinces such as Ha Tinh, Quang Binh, Quang Tri, Thua Thien-
Hue, Da Nang, Quang Nam, and Quang Ngai during Typhoon Lekima made landfall in Vietnam in 
 
Figure 3.4. a) Rainfall at seven rain gauge stations. Large black solid circles and small open circles 
are average rainfall simulation results and rainfall simulation results of each ensemble 
member, respectively. Large open circles are the observation values from seven rain gauge 
stations in the central part of Vietnam. The vertical axis is rainfall mm. (b) And (c) Spatial 
distribution of rainfall from APHRODITE data and average total rainfall from nineteen 
ensemble members in D02, respectively. Colour bar shows rainfall mm. 
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2007. The difference in rainfall distribution could be caused by the change in initial conditions among 
ensemble members, but they did have some similarity in magnitude and distribution. 
 
3.2.2. The variation of typhoon intensities under global warming, using CMIP3 
and CMIP5 models 
 
3.2.2.1. The variations of typhoon intensities under global warming when using 
CMIP3 models 
1. The variations of minimum sea level pressure, maximum wind speed, and tracks of Typhoon 
Lekima. 
a. The variations of minimum sea level pressure 
Figure 3.5 shows the simulation results of MSLP between CTL runs and PGWs experiments 
during the Typhoon Lekima. From the results of PGW runs, the intensity of typhoons tend to 
increase with PGW_6, PGW_7, PGW_5, and PGW_2, whereas, PGW_1, PGW_3, PGW_4 and 
PGW_8 experiments show a slight decline of MSLP in the future. Here, PGW_7 shows the 
strongest intensity of Typhoon with MSLP value is 981.1 hPa, while the lowest MSLP result is 
990.63 hPa from PGW_1 at 12:00 UTC 03 October, the time Typhoon Lekima made landfall in 
the central region of Vietnam. 
Figure 3.5 also shows the results of MSLP along the track of Typhoon Lekima between 
CTL runs and PGW_FF experiments. When Typhoon Lekima made landfall, the fluctuations 
of MSLP are not much. However, the simulation results of MSLP are predicted to decrease in 
most of the PGW_FF experiments than in CTL runs at first 42 hours. At that time, PGW_FF_6 
has the highest drop of MSLP at 15.8 hPa when comparing with CTL runs. Following MSLP 
drop comes from PGW_FF_8, PGW_FF_2, PGW_FF_7, PGW_FF_3, and PGW_FF_1. 
Whereas, the simulation results of MSLP from PGW_FF_4 and PGW_FF_5 showed the rising 
trend was less obvious with a minor increase. 
The MSLP of PGW_FF simulations is lower than MSLP of PGW experiments. In the period 
of 48 to 60 h, the difference of MSLP is the highest in all models. At the time of landfall (12:00 
UTC 03 October), the simulation result from PGW_FF_1 is -6.92 hPa less than the result of 
PGW_1. It indicates that the intensity of Typhoon Lekima will be stronger in far future. However, 
simulation results of MSLP from PGW_FF_5 and PGW_5; PGW_FF_7 and PGW_7 were +2.42 





Figure 3.5. MSLP along track of Typhoon Lekima between simulation results of 
PGW_FF/PGW and CTL experiments. Solid black lines, long dash lines, and red lines 
are MSLP along track of PGW/PGW_FF, and CTL runs respectively. The vertical 
axis shows MSLP. 
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b. Maximum wind speed and tracks of Typhoon Lekima 
Figure 3.6, and 3.7 show the spatial distribution of different MWS between PGW/PGW_FF, 
and CTL runs. The results were calculated with an average of nineteen ensemble members. The 
difference in maximum wind speed between PGW experiments with CTL runs was not clarified. 
The dark regions indicate a significant rise in typhoon’s intensity, while, the hatch areas show a 
decrease of typhoon intensity in the future.  
In figure 3.6, whereas the simulated results from PGW_6, PGW_7, and PGW_2 show an 
increase of maximum wind speed, then PGW_1 and PGW_8 show a reduction of wind speed in 
the future but the trend is not so clear. Most of the models show the movement direction of the 
typhoon is from central regions to the southern area of Vietnam.  
 
 
Figure 3.6. Ensemble-mean maximum wind speed and tracks of CTL and the difference in 
ensemble-mean maximum wind speed between PGW and CTL runs, and tracks. Left-
and right-hand color bars are for the maximum wind speed and the difference between 




Figure 3.6 also shows the tracks of Typhoon Lekima in 96 hours (from nineteen ensemble 
members) and best-track from JMA simulated by PGWs and CTL runs. The simulated results of 
tracks from ensemble members of PGW_1, PGW_2, PGW_3, PGW_5, and CTL runs are 
consistent with the movement direction of observation data. The location of typhoon center is 
close to the best-track. However, in PGW_6, PGW_7 the position tracks of ensemble members 
tend to move to the south of central regions. It may be affected by the wind direction in the future.  
In PGW_4, the typhoon moved slower and dissipated more quickly than others. 
The difference of MWS between PGW_FF and CTL runs shows in figure 3.7. In 
PGW_FF_2, PGW_FF_3, and PGW_FF_6 experiments, there will be an increase in maximum 
wind speed and the strong wind will concentrate in the central regions of Vietnam and tends 
to shift to the south in the future.  In PGW_FF_4 and PGW_FF_5 shows a slight decrease in 
maximum wind speed comparing with CTL runs.  
 
Figure 3.7. Ensemble-mean maximum wind speed and the tracks of CTL runs and the difference in 
ensemble-mean maximum wind speed between PGW_FF simulations, CTL runs, and the 
simulation results of typhoon tracks. Left-and right-hand color bars are for the maximum 
wind speed and the difference between PGW_FFs and CTL runs respectively (m/s). 
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Figure 3.7 indicates the tracks of typhoon Lekima in PGW_FF experiments from nineteen 
ensemble members. The simulated results of tracks of PGW_FF_1 through PGW_FF_5 models 
have a similar tendency with CTL runs. Whereas, in PGW_FF_6, PGW_FF_7, and PGW_FF_8 
the tracks and typhoon center of ensemble members would move to the southern areas of Vietnam. 
The result of PGW_FF_4, the typhoon will move slower than other simulations, and it would be 
dissipated more quickly than others. 
2. The variation of heavy rainfall 
a. The variation of maximum six-hourly rainfall 
 To assess the variations of rainfall in the near future.  
Figure 3.8 (a) gives information about the maximum six-hourly rainfall simulated by the CTL 
and each of the eight PGW runs. The ensemble-mean maximum six-hourly rainfall of the CTL is 
232.53 mm. Next to PGW_1 through PGW_8 are from 245.19 to 361.58 mm. Of which, the highest 
increase is 361.58 mm from PGW_6 simulation. Following are PGW_7, PGW_5, and PGW_2 with 
297.2, 290.1, and 289.61 mm respectively.  In other PGWs and CTL runs, there were significant 
differences between ensemble members. Average values are larger than CTL runs in all PGWs 
In this thesis, I made probability density curves of maximum six-hour rainfall from PGW and 
CTL runs in figure  3.8 (b). Here, frequencies are expected to follow a normal distribution. Figure 
3.8 (b) showed that there was a shift in the magnitude of precipitation in all PGW runs when 
comparing with the CTL. The model of the probability distribution of maximum six-hourly rainfall 
shifts to a larger value and the range of magnitude of maximum six-hourly rainfall will increase 
in the future in all PGW runs.  
Figure 3.8. a) Maximum six-hourly rainfall for each simulation and ensemble mean result. b) 
Frequency distributions and probability density curves of maximum six-hour rainfall 
by PGWs and CTL runs. 
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Figure 3.9 shows the difference of spatial distribution of maximum six-hourly rainfall over 
three days from 06:00 UTC 01 October to 18:00 UTC 04 October between PGW experiments and 
CTL runs in D02. Figure 3.9 shows that there was an increase in rainfall intensity in PGW runs. 
In particular, in PGW_6, PGW_7, PGW_4, and PGW_2 experiments reflect the highest increase 
in precipitation with dark color regions. At those areas, the rainfall intensity will increase more 
than 100 mm in the future. The spatial distribution of rainfall caused by Typhoon Lekima 
concentrated mainly in north and south of Vietnam central regions and tended to shift to the 
southwest. Torrential rain areas in the southwest spread from 14.5oN to 15.5oN and 104.5oE to 
108.5oE. Spatial distributions reflected a significant rise in the quantities of rainfall from current 
to in the future. Also, the simulation results of PGW_1, PGW_4, PGW_6, and PGW_8 
experiments showed a decrease in rainfall in the northern regions of Vietnam. These results 
consistent with previous studies about the effect of climate change on rainfall distribution caused 
by the typhoon.  
 
Figure 3.9. Ensemble-mean maximum six-hourly rainfall of CTL and the difference in 
ensemble-mean maximum six-hourly rainfall between PGW and CTL runs. Left- and 
right-hand colour bars are for the maximum six-hourly rainfall and the differences 




 To assess the variations of rainfall in the far future. 
The maximum six-hourly rainfall was simulated by PGW_FF experiments and compared the 
simulation results with CTL runs. The maximum six-hourly rainfall in ensemble simulations is 
compared between CTL and PGW_FF experiments (Figure 3.10 (a)). The results of the ensemble 
mean values in all PGW_FF runs are larger than the results of CTL runs. The results of maximum 
six-hourly rainfall increase from 27% to 78% in all PGW_FF experiments. The highest increase 
in maximum six-hourly precipitation (the average from nineteen ensemble members) is from 
PGW_FF_6 model with 413.75 mm, followed by PGW_FF_3, PGW_FF_2, and PGW_FF_4 with 
370.01 mm, 350 mm, and 320 mm respectively. The lowest increase in maximum six-hourly 
rainfall is PGW_FF_1 model with 300 mm compared with 250 mm of CTL runs.  
Figure 3.10 (b) presents probability density curves of maximum six-hourly rainfall 
simulated by PGW_FF experiments and the CTL runs. It is clear that there is a significant 
increase of rainfall in all PGW_FF runs, and the results indicate that some extremely heavy 
rainfall events will occur only in future climate scenarios. 
Figure 3.11 displays the spatial distribution of maximum six-hourly rainfall from 06:00 
UTC 01 October to 18:00 UTC 04 October between PGW_FF experiments and the CTL runs. 
The heavy rain areas extend from the north to the south of the central region of Vietnam. 
Especially in PGW_FF_6, PGW_FF_7, PGW_FF_2, and PGW_FF_3, the spatial distribution 
of heavy rain occurs over a vast area and shifts from north to south and southwest and expands 
from Vietnam to Laos and Thailand. 
 
 
Figure 3.10. a) Maximum six-hourly rainfall for each simulation and ensemble mean result. 
b) Frequency distributions and probability density curves of maximum six-hour rainfall 




 b. The variation of total rainfall  
Figure 3.12 (a) shows the maximum total rainfall values and their probability density curves 
from 06:00 UTC 01 October to 06:00 UTC 04 October in PGW and CTL runs. All PGW runs 
show an increase in the intensity of total rainfall (Figure 3.12 (a)). The ensemble average 
maximum total rainfall of CTL is approximately 656.38 mm. For PGW_1 through PGW_5, and 
PGW_8, an average of maximum total rainfalls are from 701.19 mm to 921.39 mm, whereas the 




Figure 3.11. Ensemble-mean maximum six-hourly rainfall of CTL and the difference in 
ensemble-mean maximum six-hourly rainfall between PGW_FF and CTL runs. Left- 
and right-hand color bars are for the maximum six-hourly rainfall and the differences 
between PGW and CTL runs respectively. 
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 Figure 3.12 (b) is the probability density curves of total rainfall over three days from 06:00 
UTC 01 October to 06:00 UTC 04 October were simulated by PGW experiments and CTL run. 
There is an increase tend to heavy rain in the future. These results are similar to simulation results 
of maximum six-hourly rainfall in PGW runs. 
 
Figure 3.13. Spatial distribution of difference of ensemble-mean total rainfall between PGW 
experiments and CTL runs. Colour bar shows the difference in rainfall mm. 
 
Figure 3.12. a) Maximum total rainfall for each simulation and ensemble mean result. b) 
Frequency distributions and probability density curves of maximum total rainfall by 
PGW experiments and CTL runs. 
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 Figure 3.13 indicates the difference of spatial distribution of maximum total rainfall between 
PGW experiments and CTL run in D02. In the most simulation results of PGW experiments, there 
is an increase in precipitation in the future. The torrential rain regions concentrate in the south of 
the central regions of Vietnam. The simulation results from PGW_3, PGW_4, and PGW_7 models 
divided into two distinct areas, in the northern areas the torrential rains will decrease, however, in 
the southern areas the rain will increase and expand to the southwest. 
Figure 3.14 (a) shows the maximum total rainfall values and their probability density curves 
from 06:00 UTC 01 October to 06:00 UTC 04 October in PGW_FF and CTL runs. All PGW_FF 
runs show an increase in the intensity of total rainfall (Figure 3.14 (a)). The ensemble average 
maximum total rainfall of CTL is approximately 656.38 mm. For PGW_FF_6, PGW_FF_8, 
PGW_FF_2, and PGW_FF_4, the average total rainfall is higher than 1000 mm, whereas the 
simulated results from PGW_FF_1, PGW_FF_5 and PGW_FF_4 experiments are 921.45 mm, 
903.63 mm and 746.02 mm, respectively. Therefore, for all PGW experiments, total rainfall from 
tropical cyclones will increase in the future.  
Figure 3.14 (b) shows clear shifts in the probability density curves. These results indicate that 
in the far future, a tropical cyclone similar to Lekima would frequently cause heavier rainfall than 
in the present climatic conditions. 
 
Figure 3.14.  a) Maximum total rainfall for each simulation and ensemble mean result. b) 
Frequency distributions and probability density curves of maximum total rainfall by 
PGW_FF experiments and CTL runs. 
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 Figure 3.15 illustrates the difference in the spatial distribution of total rainfall between 
PGW_FF experiments and CTL runs. For PGW_FF_6, PGW_FF_8, and PGW_FF_2, 
precipitation increases significantly and spreads over a wide area of central regions in Vietnam. 
Torrential rain continues inland over Laos and into Thailand after passing through Vietnam. 
However, in PGW_FF_7 and PGW_FF_8, the rainfall decreases in the north and increases in 
the south of central areas, whereas the spatial distribution results from experiment PGW_FF_4 






Figure 3.15. Difference of ensemble-mean total rainfall between PGW_FF experiments and 
CTL runs. Colour bar shows the difference in rainfall mm. 
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3.2.2.2. The variation of typhoon intensities under global warming when using different 
CMIP5 models 
1. The results of typhoon intensity simulated by CMIP5_RCP8.5_FF models. 
a. The variation of typhoon intensity  
 Sea level pressure. 
Figure 3.16 shows the simulation results of MSLP simulated by five PGWs models. From the 
simulation results, the intensity of Typhoon tends to increase in all models in the future. Here, the 
result from HadGEM2-CC_RCP85_FF shows the strongest intensity of Typhoon with MSLP 
value is 966.5 hPa. Next are INMCM4_RCP85_FF, HadGEM2-ES_RCP85_FF and CNRM-
CM5_RCP85_FF with 972.1 hPa, 972.2 hPa, and 974.4 hPa respectively when compared with 
982.4 hPa from CTL runs. The MSLP dropped the lowest around 00:00 Oct 3, to 12:00 Oct 3 at 
the time typhoon made landfall. 
 The tracks and maximum wind speed. 
Figure 3.17 indicates the spatial distribution of MWS and tracks of Typhoon Lekima 
simulated by CTL runs and 7 PGWs experiments. Simulation results from 5 models 
HadGEM2-ES_RCP85_FF, INMCM4_RCP85_FF, CanESM2_RCP85_FF, MIROC-
ESM_RCP85_FF, and CNRM-CM5_RCP85_FF are consistent with the movement direction 
of the direction of CTL runs. Whereas, the tracks of HadGEM2-CC_RCP85_FF and MRI-
CGCM3_RCP85_FF tend to move to the southern area. While the simulation results from 
MIROC-ESM_RCP85_FF indicated the typhoon would move slower than other simulations 
and it would be dissipated more quickly than others. 
 
Figure 3.16. MSLP along track of typhoon Lekima between simulation results of seven PGW 
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Figure 3.18 displays the differences of MWS between 7 PGWs models and CTL runs. The 
results showed an increase from 4 m/s to 6 m/s in MWS in HadGEM2-CC_RCP85_FF, MIROC-
ESM_RCP85_FF, and INMCM4_RCP85_FF at the time typhoon made landfall, and the strongest 
wind would concentrate in the central regions of Vietnam, the direction of wind tends to shift to 
the south in the future. Whereas, the simulation results of CanESM2_RCP85_FF show a slight 
downward trend in MWS when compared with CTL runs.  
 
Figure 3.17. MWS and tracks of Typhoon Lekima simulated by CTL runs and 7 PGWs of 
CMIP5_RCP8.5_FF 
 
Figure 3.18. Spatial distribution of different max wind speed between 7 PGWs models of 
CMIP5_RCP8.5_FF and CTL runs. 
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b. The variation of heavy rainfall 
 Maximum six-hourly rainfall  
Figure 3.19 (a) and (b) shows the simulation results of maximum six hourly rainfall, frequency 
and probability density curves from CTL runs and PGWs models. The ensemble-mean maximum 
six-hourly rainfall of the CTL is 232.53 mm. The highest increase is 440.02 mm from HadGEM2-
CC_RCP85_FF. Following are MIROC-ESM_RCP85_FF, HadGEM2-ES_RCP85_FF, MRI-
CGCM3_RCP85_FF are 427.17 mm, 372.44 mm, and 369.37 mm respectively. In other models 
 
Figure 3.19. a) Maximum six-hourly rainfall for each simulation and ensemble mean result. b) 
Frequency distributions and probability density curves of maximum six-hour rainfall by 
seven PGW experiments and CTL runs. 
 
Figure 3.20. The spatial distribution of different max six hourly rainfall between 7 PGWs 
models of CMIP5_RCP8.5_FF and CTL runs.  
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and CTL runs, there were significant differences between each ensemble member. Average values 
are larger than CTL runs on all models.  
Figure 3.20 illustrates the different distribution of max six-hourly rainfall: There was an 
increase in rainfall intensity in model runs. The heavy rainfall concentrated following the track of 
Typhoon. In particular, in HadGEM2-CC_RCP85_FF, MIROC-ESM_RCP85_FF experiments 
reflect the highest increase in precipitation. At those areas, the rainfall intensity will increase near 
200 mm in the future. Torrential rain areas in the southwest widen from 14.5oN to 15.5oN and 
104.5oE to 108.5oE. The frequency torrential rains will tend to decrease, but the intensity of rainfall 
will increase. It means that In the future, under global warming typhoons similar typhoon Lekima 
will cause heavy rain from 1.5 to 2 times higher than typhoon Lekima. 
 Total rainfall 
Similar to max six-hourly rainfall, the simulation results from figure 3.21 indicated that 
there was a large increase in rainfall in all models. The torrential rain from HadGEM2-
CC_RCP85_FF model is the highest increase; next, are MIROC-ESM_RCP85_FF, and MRI-
CGCM3_RCP85_FF with 1234.9 mm, and 1160.41 mm (from 06UTC 01 October to 06UTC 
04 October) respectively. The smallest increase is HadGEM2-ES_RCP85_FF with 921.54 mm 
when compared with 656.38 mm of CTL runs. 
The spatial distribution of torrential rains in all models from figure 3.22 mainly concentrated 
in the central region of Vietnam and spreads following the direction of typhoon track. Especially 
HadGEM2-CC_RCP85_FF, MIROC-ESM_RCP85_FF and MRI-CGCM3_RCP85_FF models 
the precipitation increases significantly and spreads over a wide area of central regions in Vietnam. 
Torrential rain continues inland over Laos and into Thailand after passing through Vietnam.  
 
Figure 3.21. a) Maximum total rainfall for each simulation and ensemble mean result. b) 
Frequency distributions and probability density curves of maximum total rainfall by 
seven PGW experiments and CTL runs. 
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Overall, rainfall due to typhoons in the central regions of Vietnam will strongly increase 
in intensity in the future when using CMIP5_RCP85_FF model. The future spatial distribution 
of rainfall tends to shift from north to south, expanding into southwest regions and passing 
over Laos and into Thailand. The simulation results of heavy rainfall from experiment 
HadGEM2-CC_RCP85_FF and MIROC-ESM_RCP85_FF show the largest increase in 
rainfall intensity in the future. 
2. The results of typhoon intensity simulated by CMIP5_RCP8.5 models. 
a. The variation of typhoon intensity  
 Sea level pressure. 
Figure 3.23 displays the MSLP along the track of Typhoon Lekima of CTL runs and PGWs 
models. From the simulation results of PGW experiments, the results of HadGEM2-
CC_RCP85_FF gave the largest increase in the intensity of Typhoon with MSLP value is 962.5 
hPa; next is INMCM4_RCP85 with MSLP is 972.8 hPa. The results of MSLP from other models 
are not much change compared with 982.4 hPa from CTL runs. The MSLP is lowest around 00:00 
Oct 3, to 12:00 Oct 3 at the time typhoon made landfall. 
 The tracks and maximum wind speed. 
 
Figure 3.22. The spatial distribution of different total rainfall between PGWs models of 




Figure 3.24 shows the tracks of typhoon Lekima simulated by CTL runs and seven PGWs 
models. Simulation results from HadGEM2-CC_RCP85, HadGEM2-ES_RCP85, CNRM-
CM5_RCP85, and MRI-CGCM3_RCP85 models shown that, after the typhoon made landfall, 
the direction would tend to shift to the southern. While the simulation results from MIROC-
ESM_RCP85 indicated that the typhoon would move slower than other simulations and it 
would be dissipated more quickly than others, the track of Typhoon from other models are 
consistency with movement direction compared with CTL runs. 
 
Figure 3.23. MSLP along track of typhoon Lekima of CTL runs and seven PGW simulations 
of CMIP5_RCP8.5 models. 
 
Figure 3.24. Max wind speed and tracks of Typhoon Lekima simulated by CTL runs and 7 
PGWs of CMIP5_RCP8.5. 
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Figure 3.25 shows the spatial distribution of different max wind speed between 7 PGWs models of 
CMIP5_RCP8.5 and CTL runs.  From figure 3.25, the simulation results of HadGEM2-CC_RCP85, 
MIROC-ESM_RCP85, and INMCM4_RCP85 models showed an increase in maximum wind 
speed at the time typhoon Lekima made landfall, and the strongest wind speed would be 
concentrated in the central regions of Vietnam. The direction of the typhoon will tend to shift to 
the south in the future. While the results of MRI-CGCM3_RCP85 model show a slight decrease 
in MWS, other models give the results did not change much compared with CTL runs.  
b. The variation of heavy rainfall 
 
Figure 3.25. Spatial distribution of different max wind speed between 7 PGWs models of 
CMIP5_RCP8.5 and CTL runs 
 
Figure 3.26. a) Maximum six-hourly rainfall for each simulation and ensemble mean result. b) 
Frequency distributions and probability density curves of maximum six-hour rainfall by 
PGW_FF experiments and CTL runs. 
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 Max six-hourly rainfall  
Figure 3.26 (a) shows the maximum six hourly rain simulated by CTL and seven PGWs 
models with CMIP5_RCP8.5 scenarios. The simulation results indicated that the highest increase 
is 408.88 mm from HadGEM2-CC_RCP85. Next is MIROC-ESM_RCP85 to 404.81 mm. While 
five other models indicated a slight increase in rainfall from 274.95 mm to 315.66 mm. The 
average values from all models are larger than CTL runs.  
Figure 3.26 (b) the probabilities and frequency of heavy rainfall simulated by CTL and 7 PGWs 
models. The probabilities and frequencies of heavy rainfall will increase in all models. It means that 
under global warming, Typhoon similar with Lekima will cause heavier rainfall in the future. 
 The distribution of max six-hourly rainfall 
Figure 3.27 displays the difference of heavy rainfall between 7 PGWs models and CTL runs. 
Similarly, with CMIP5_RCP85_FF, there was an increase in rainfall intensity in all models. In 
particular, the results of HadGEM2-CC_RCP85, MIROC-ESM_RCP85 experiments reflect the 
highest increase in precipitation. The results from CanESM2_RCP85, HadGEM2-ES_RCP85, 
INMCM4_RCP85, and CNRM-CM5_RCP85 models point out the increase in frequency and 
intensity of heavy rain in the future. 
 Total rainfall 
From figure 3.28 (a) and (b), the simulation results showed that there was a large increase in 
rainfall intensities, frequencies, and probabilities in all models. Simulation results of HadGEM2-
CC_RCP85 model give the highest result in rainfall with 1658.96 mm, compared with CTL runs, 
 
Figure 3.27. The spatial distribution of different max six hourly rainfall between 7 PGWs 
models of CMIP5_RCP8.5 and CTL runs. 
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the rainfall increase approximately 2.5 times; next are MIROC-ESM_RCP85, CanESM2_RCP85, 
and CNRM-CM5_RCP85 with 1171.51 mm, 1150.25 mm, and 1089.19 mm respectively. The 
smallest increasing is MRI-CGCM3_RCP85 with 867.71 mm compared with 656.38 mm of CTL 
runs. It means that under the climate change, total rainfall will be from 1.66 to 2.5 times higher 
than the results of CTL runs. 
Figure 3.29 illustrates the spatial distribution of different total rainfall between seven PGWs 
and CTL runs. The spatial distribution of torrential rains in all models mainly concentrated in the 
central region of Vietnam and tended to shift to the west spread over Laos to Thailand. In particular, 
 
Figure 3.28.  a) Maximum total rainfall for each simulation and ensemble mean result. b) 
Frequency distributions and probability density curves of maximum total rainfall by 
seven PGW experiments and CTL runs. 
 
Figure 3.29. The spatial distribution of different total rainfall between 7 PGWs models of 
CMIP5_RCP8.5 and CTL runs.  
68 
 
the results from HadGEM2-CC_RCP85, MIROC-ESM_RCP85, HadGEM2-ES_RCP85 and 
CNRM-CM5_RCP85 models, precipitation increases significantly and spreads over a wide area 
of central regions in Vietnam. The rainfall in MRI-CGCM3_RCP85 would decrease in Vietnam 
but increase and spread to Laos and Thailand.  
The rainfall due to typhoons in the central regions of Vietnam will strongly increase in 
intensity in the future when using CMIP5_RCP85 model (especially HadGEM2-CC_RCP85 
model). The future spatial distribution of rainfall would tend to shift from north to south, 
expanding into southwest regions and passing over Laos and into Thailand. 
3. The results of typhoon intensity simulated by CMIP5_FF models. 
a. The variation of typhoon intensity  
 Sea level pressure. 
Figure 3.30 indicated the MSLP of CTL runs and seven PGWs of CMIP5_FF models. The 
simulation results from HadGEM2-CC_FF show the largest increase in the intensity of Typhoon 
with MSLP value is 973.0 hPa; next is MIROC-ESM_FF with MSLP is 975.6 hPa. The results of 
MSLP from other models are not much change when comparing with 982.4 hPa from CTL runs.  
 The tracks and maximum wind speed. 
Figure 3.31 shows the MWS and track of Typhoon Lekima. The track of typhoon simulated 
by HadGEM2-CC_FF, HadGEM2-ES_FF, CanESM2_FF, and MRI-CGCM3_FF models would 
shift to the southern, whereas the tracks of Typhoon from CNRM-CM5_FF move to the north. 
The tracks of Typhoon from MIROC-ESM_FF, INMCM4_FF is consistency with movement 
direction compared with CTL runs.  
 
Figure 3.30. MSLP along track of typhoon Lekima, the simulation results of seven PGW 




Figure 3.32 illustrates the different spatial distribution of max wind speed between seven 
PGWs of CMIP5_FF and CTL run. The simulation results of HadGEM2-CC_FF, MIROC-
ESM_FF models showed an increase in the intensity of Typhoon Lekima at the time typhoon made 
landfall, and maximum wind speed will concentrate in the central regions of Vietnam and tends 
 
Figure 3.31. Max wind speed and tracks of Typhoon Lekima simulated by CTL runs and 7 
PGW models of CMIP5_FF. 
 
Figure 3.32. Spatial distribution of different max wind speed between 7 PGWs models of 
CMIP5_FF and CTL runs. 
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to shift to the south in the future. While the MRI-CGCM3_FF show a decrease in MWS in the 
north region, other models give the results did not change much when compared with CTL runs.  
b. The variation of heavy rainfall 
 Max six-hourly rainfall  
From figure 3.33, the simulation results of maximum six-hourly rainfall simulated by CTL 
runs and each of the CMIP5_FF models. The results of heavy rain from HadGEM2-CC_FF model 
is the highest value of 426.46 mm. Next are MIROC-ESM_FF and INMCM4_FF with 412.17 mm 
and 312.21 mm respectively. While other models indicated a slight increase in rainfall from 247.95 
mm to 279.05 mm compared with 232.53 mm of CTL run. Figure 3.33 (b) shows the frequency 
and probabilities of Typhoon Lekima. The frequencies and probabilities of MIROC-ESM, 
HadGEM2-CC decrease, however, there is an increase in the intensity of heavy rain in the future 
compared with CTL run and other models. 
 The distribution of max six-hourly rainfall 
The simulation results of spatial distribution max six-hourly rainfall from CMIP5_FF 
indicated that heavy rainfall from HadGEM2-CC_FF, MIROC-ESM_FF, MRI-CGCM3_FF, and 
HadGEM2-ES_FF models would increase and move into the southern regions and decrease in the 
north region of Vietnam (see figure 3.34). While the results of CNRM-CM5_FF model shows a 





Figure 3.33. a) Maximum six-hourly rainfall for each simulation and ensemble mean result. b) 
Frequency distributions and probability density curves of maximum six-hour rainfall by 




 Total rainfall 
Figure 3.35 displays the simulation values of total rainfall. The simulation results showed that 
there was a large increase of heavy rain in the most models. The HadGEM2-CC_FF model shown 
the highest result in rainfall with 1217.5 mm, compared with 656.38 mm of CTL runs, the rainfall 
increase approximately 1.85 times; next increase came from MRI-CGCM3_FF and MIROC-
ESM_FF models with 1121.24 mm, and 1079.91 mm. Whereas, the simulation results from CNRM-
CM5_FF decrease with the value is 573.63 mm when compared with 656.38 mm of CTL runs. 
 
Figure 3.34. The spatial distribution of different max six hourly rainfall between 7 PGWs 
models of CMIP5_FF and CTL runs. 
 
Figure 3.35. a) Maximum total rainfall for each simulation and ensemble mean result. b) 
Frequency distributions and probability density curves of maximum total rainfall by 




Figure 3.36 shows the simulation results of the different spatial distribution of MWS between 
seven PGWs of CMIP5_FF models and CTL runs. The spatial distribution of torrential rains in 
HadGEM2-CC_FF, MRI-CGCM3_FF, MIROC-ESM_FF models mainly concentrated in the 
Vietnam central region and tends to shift to the west spread over Laos to Thailand. CNRM-
CM5_FF model, precipitation decrease in the time typhoon made landfall in Vietnam.  
Similarly, with CMIP5_RCP85_FF and CMIP5_RCP85, the simulation results of heavy 
rain due to typhoons in the central regions of Vietnam will strongly increase in the future when 
using CMIP5_FF model (especially HadGEM2-CC_FF model). The future spatial distribution 
of rainfall tends to shift from north to south, expanding into southwest regions and passing 








Figure 3.36. The spatial distribution of different total rainfall between 7 PGWs models of 




4. The results of typhoon intensity simulated by CMIP5 models. 
a. Variations of typhoon intensity 
  Sea level pressure. 
From figure 3.37, the simulation results from HadGEM2-CC show the largest increase 
in the intensity of Typhoon with MSLP value is 974.4 hPa; next is GFDL-CM3 with MSLP 
is 977.64 hPa. The results of MSLP from other models are not much change compared with 
982.4 hPa from CTL runs.  
 
Figure 3.37. MSLP along track of typhoon Lekima, the simulation results of seven PGW 
simulations of CMIP5 and CTL runs. 
 
 




 The tracks and maximum wind speed. 
The track of typhoon simulated by HadGEM2-CC, HadGEM2-ES, and MRI-CGCM3 models 
would tend to shift to the southern regions, however, the track of Typhoon from CNRM-CM5 
move to the north. The track of Typhoon simulated by MIROC-ESM, CanESM2, and MIROC-
ESM is consistency with movement direction compared with CTL runs (shown in figure 3.38).  
From figure 3.39, the simulation results of the spatial distribution of different maximum wind 
speed between seven PGWs of CMIP5 models and CTL run show that the results of HadGEM2-
CC, MIROC-ESM models showed an increase in maximum wind speed when typhoon made 
landfall, and the strong wind will concentrate in the central regions of Vietnam and tends to shift 
to the south in the future. Whereas the results of MRI-CGCM3 and CNRM-CM5 models show a 
decrease in MWS, other models give the results did not change much compared with CTL run.  
b. Variations of heavy rainfall 
 Max six-hourly rainfall  
Figure 3.40 (a) shows the simulation results of heavy rainfall from seven PGWs of CMIP5 
models and CTL run. The heavy rain from MIROC-ESM model is the highest increase with 383.2 
mm. While, the results of heavy rain from HadGEM2-CC, HadGEM2-ES, GFDL-CM3, MRI-
CGCM3, and CanESM2 models are fluctuation from 280.2 mm to 323.22 mm. The simulation 
result from CNRM-CM3 models indicated a decrease, with value is 186.52mm compared with 
 




232.53 mm of CTL run. Figure 3.40 (b) is the frequency and probabilities of heavy rain. In the future, 
the frequency and probability are not much change however the intensity of rain will increase in the 
most of the models, but rain intensity of CNRM-CM5 models will decrease under global warming 
condition. 
In the future, the simulation results from CMIP5 show that the heavy rainfall will increase 
not only in quantity but also in probability and frequency compared with CTL runs, except 
results of CNRM-CM3 model. 
 The distribution of max six-hourly rainfall 
 
Figure 3.40. a) Maximum six-hourly rainfall for each simulation and ensemble mean result. b) 
Frequency distributions and probability density curves of maximum six-hour rainfall by 
seven PGW experiments and CTL runs. 
 
Figure 3.41. The spatial distribution of different max six hourly rainfall between 7 PGWs 
models of CMIP5 and CTL runs. 
76 
 
 The simulation results of the different spatial distribution of max six-hourly rainfall from 
CMIP5 in figure 3.41 indicated that heavy rainfall from HadGEM2-CC, MIROC-ESM 
experiments would increase, while results of CNRM-CM5 showed a decrease at the time typhoon 
made landfall, other models show not clear in changing of rain.  
 Total rainfall 
The simulation results from figure 3.42(a) showed that there was a significant increase in rainfall 
in all models. CanESM2 model gives the highest result in the rain with 1173.19 mm, next are MIROC-
ESM and HadGEM2-CC with values are 1153.59 mm, and 1127.65 mm. Whereas, the simulation 
results from CNRM-CM5 decrease with 443.48 mm when compared with 656.38 mm of CTL runs.  
 
Figure 3.42. a) Maximum total rainfall for each simulation and ensemble mean result. b) 
Frequency distributions and probability density curves of maximum total rainfall by 
seven PGW experiments and CTL runs. 
 
Figure 3.43. The spatial distribution of different total rainfall between 7 PGWs models of 
CMIP5 and CTL runs. 
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From figure 3.42 (b) the frequency and probability of heavy rain are not much change when 
compared with present values. However, the rainfall intensity will increase in the future in the 
most of the models. Under global warming, the typhoon similar to Lekima will cause heavier 
rainfall than current conditions. 
The different spatial distribution of torrential rains between seven PGWs of CMIP5 models 
and CTL is shown in figure 3.43. The simulation results show the heavy rainfall intensity of 
HadGEM2-CC, MIROC-ESM, and MRI-CGCM3 models would increase and mainly 
concentrated in the central region of Vietnam and tend to shift to the west spread over Laos to 
Thailand, but in the north region, heavy rain will decrease when typhoon made landfall. However, 
the simulation results from CNRM-CM5_FF model shows a significant decrease when the 
typhoon hit in the land. 
 
3.2.2.3. Conclusion 
1.  Variation of typhoon intensities under global warming with different Simulation Models 
a. Typhoon intensities (Minimum sea level pressure and Maximum wind speed) 
- The typhoon intensity would increase in all models when compared with CTL runs.  
However, the storm intensities with different forecast period, the intensity variation of the typhoon 
is not clear, some simulation results show typhoon strength will continue stronger when compared 
to near and far future, but some show it will be weaker. For example, the results of storm intensity 
from HadGEM2-CC_RCP85_FF model will be smaller than the results from HadGEM2-
CC_RCP85, but the intensity from HadGEM2-ES_RCP85_FF model is higher than the intensity 
from HadGEM2-ES_RPC85 model (see figure 3.44). 
- The results of spatial distribution maximum wind speed show MWS will concentrate in 
the central regions, tend to shift to the south and spread to Laos and Thailand.  
- The track of typhoon in MIROC-ESM, INMCM4 are consistent with the movement 
direction of CTL runs, while the results of track direction of HadGEM2-CC, HadGEM2-ES, MRI-
CGCM3, CanESM2 models shift to the southern regions and it will move to the north with CNRM-
CM5 model compared with the track of CTL runs.  
b. Rainfall 
The heavy rain in all models shows an increase in the near and far future In the future 
simulations, the heavy rainfall regions moved to the southwest to affect central areas of Vietnam, 
Laos, and Thailand. The fluctuation of six-hourly and total rainfall was wide among ensemble 
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members of CTL runs and PGW experiments. Torrential rains may occur over short periods and 
larger areas in future climate conditions.  
2. Differences in the scenarios  
a. Typhoon intensities 
 - The simulation results with RCP8.5 scenario (CMIP5_RCP85_FF, CMIP5_RCP85) show 
the typhoon intensity in the future will be stronger when compared with the simulation results 
from RCP4.5, and A1B (CMIP5_FF, CMIP5, CMIP3_FF, CMIP3) scenario in all models. 
- Comparing about the SLP between CMIP models and CTL runs, all simulation results from 
CMIP models shown an increase in typhoon intensities. The average MSLP of nineteen ensemble 
member in each model shown in figure 3.44. 
 - The spatial distribution of MWS would concentrate in the central region of Vietnam and 
shift to the southern areas in most of the models with both RCP8.5 and RCP4.5 scenarios, except 
CanESM2 model, the typhoon intensities are not different. 
 - The track of typhoon in MIROC-ESM is consistency with movement direction with 
CTL runs, while HadGEM2-CC, HadGEM2-ES, MRI-CGCM3, and CanESM2 models would 
tend to shift to the south. Results of CNRM-CM5 model, it will move to the north when 
compared with the track of CTL runs.  
b. Rainfall 
 - The heavy rain would increase in the most of the models in maximum six-hourly and 
total rainfall when compared with the simulation results of CTL runs, except the results of 
CNRM-CM5 models the heavy rainfall seems to slightly decrease with the RCP4.5, RCP8.5 
scenarios (see figure 3.45).  
 - The simulation results of heavy rainfall from GCM models with the RCP8.5 scenario 
is higher than the simulation results with the A1B and RCP4.5 scenarios 
 
Figure 3.44. The average minimum sea level pressures of nineteen ensemble members 




 - The distribution of heavy rain spread along the central region of Vietnam from 14.5oN 
to 17oN and it tends to shift to the south and spread to Laos and Thailand in all models. 
 
3.3. Chapter summaries 
 
 The typhoon intensities were slightly underestimated when compared to the observation 
data. The simulation result of minimum sea level pressure is 985 hPa compared with 980 hPa of 
observed data at 06UTC Oct 03, 2007 the time Typhoon Lekima made landfall in Vietnam.  
 Under the global warming, the simulation results of MSLP from nineteen ensemble 
members of  PGWs show an increase in typhoon intensity. Especially, the results from MIROC 
models, the MSLP is 975 hPa while results from CTL runs is 985 hPa. It means that a typhoon 
similar to Typhoon Lekima would increase in the intensities because of climate change. 
 Typhoon similar to Typhoon Lekima shows that the maximum wind speed under the global 
warming in some models show increasing, but it not too clear. The maximum wind speed areas 
would tend to shift from the central area to the southern regions flowing the direction of the 
typhoon. 
 Besides the results of typhoon intensities, this study also aims to perform a hindcast of 
heavy rainfall, typhoon intensities caused by Tropical Cyclone Lekima on the Vietnam Central 
Coast from 30 September to 04 October 2007, investigate the variations in typhoon intensities and 
the torrential rain under global warming climate conditions using the PGW method. 
 In the hindcast and the simulations using the PGW method, 19 ensemble members were 
prepared based on the LAF method. In the hindcast, the torrential rains were underestimated in 
some regions when compared to observation data, the rainfall distribution for the Lekima shifted 
from north to south, and the location and intensity differed among ensemble members. 
 




 In the future simulations, the heavy rainfall regions moved to the southwest to affect central 
areas of Vietnam and spread to Laos and Thailand. The fluctuation of six-hourly and total rainfall 
was wide among ensemble members of CTL runs and PGW experiments. Torrential rains may 
occur over short periods and larger areas in future climate conditions.  
 The spatial distribution of precipitation in PGW runs was larger than in the CTL runs. 
Probability density curves of the maximum total and six-hourly precipitation showed clear 
differences between current and future climate conditions. The results indicate that tropical 
cyclones similar to the Lekima can produce extremely heavy rainfall that would not be expected 
in the current climate. This is because, under the global warming, saturated water vapor will 
increase and the warmer SST will provide more water vapor. For detailed mechanism, further 
analysis is needed. 
 We need to simulate with more GCM models to give the certainty in the conclusions about 
the variation of typhoon intensities. 
 Only one tropical cyclone was examined in this study and the conclusions are drawn about 
variations in typhoon intensities and heavy rainfall due to future global warming may include 
some uncertainty. It is thought that the results of this study are the first step in evaluating heavy 
rainfall from tropical cyclones in the future, and investigation of other tropical cyclones, as well 
as the use of additional AOGCMs and climate change scenarios, will be indispensable for 


















CHAPTER 4. ASSESSMENT OF THE TYPHOON LOSSES 
UNDER GLOBAL WARMING AND SOCIO-ECONOMIC 
CONDITION IN COASTAL REGION OF VIETNAM 
 
4.1. Introduction 
Extreme weather events such as typhoons (hurricanes), floods have been the subject of much 
concern, among climate scientists and maker decisions after the deadliest and costliest hurricane 
attacked the US in August 2005. The main reason is attributed to human economic development 
that causes the climate change. It increases the intensity and activity area of tropical cyclones.  
From the reports of IPCC, 2014, It is clear that the damage caused by extreme weather events 
such as typhoon, flood increase significantly over time. Pielke Jr, et al.1998 gave an explanation 
for the increase in damage in harm's way is the impacts of the increase in population and 
unsustainable economic development. 
Narita, D., et al., 2008 gave an estimation of the current damages from tropical storms in the 
US are $2.2 billion/year, and the statistics of the EMDAT 2009 about the tropical storm damage 
for the entire world are $13 billion/year. Nordhaus (2006), using a damage function based on 
aggregate loss data by storm, predicts tropical cyclones losses would, therefore, double by 2100, 
an increase of 0.06% of GDP.  Garcia, L. 2002 used the FUND model to estimate the global 
hurricane damages and showed an increase of 0.007% a year. However, Stern estimated the 
hurricane damages are based on the assumption of the damage would increase with an exponential 
function, Mendelsohn, R. et al. 2011 also gave an assumption about the damage without empirical 
foundation. 
Vietnam is one of the country affected heavily by the climate change in the world, likes 
typhoons, flood, landslide...Every year, there are average 8 to 10 tropical cyclone direct and 
indirectly affected to Vietnam, and at least 4 to 6 TCs made landfall in the coastal regions leading 
to approximately VND 12,500 billion in damages. The economic losses caused by tropical 
cyclones on the Vietnam coastal regions has risen considerably in the last decade (Figure 4.1), 
largely due to socioeconomic related and climate change developments. The main reasons for the 
rising losses caused by the typhoon in Vietnam are population growth, increase in income per 
capita, and having more people live in the areas usually affected by natural disaster. 
For example, in 2007, Typhoon Lekima formed in the South China Sea at 06:00 UTC 30 
September 2007 at approximately 115oE/14.7oN, and hit the land in Vietnam at 12:00 UTC 03 
October at 106.5oE/17.9oN. The typhoon, accompanied by strong winds of about 130km/hour 
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and heavy rainfall, mainly affected to the central provinces Vietnam on 3 and 4 October 2007 
from Ha Tinh province to Quang Ngai province are the main reason causing massive economic 
losses.  According to the reports of local authorities, the number of dead and missing was 37 
and 24 respectively. The typhoon Lekima damages estimated approximately VND 600 billion.   
In this chapter, On the basis of the theoretical framework drawn in chapter 2, I will give an 
investigation about the influences of climate change and socioeconomic conditions on Typhoon 
Lekima losses in the coastal regions of Vietnam in both current and the future conditions. This 
study followed in some steps. Firstly, I was based on the theoretical foundation by combine 
multiple outcomes and calculation for the impacts of climate and socioeconomic change. Secondly, 
damage function is estimated using an ordinary least square estimator on historical tropical 
cyclones and socioeconomic data. Finally, the expected loss function is used to calculate the losses 
from storm both for the current climate and for the climate at the end of the 21st century under 
eight climate models. From these results, the impact of climate change on tropical cyclone 
damages is computed. 
 
4.2. Results of economic losses caused by typhoon intensities  
 
In this thesis, computing the damage caused by typhoon intensity, the methodology is showed 
in Chapter 2 section 2.2, with the impact functions defined by the equation. 2.8. I will estimate 
the variations of Typhoon losses for both socio-economic and climate change scenarios. 
 




4.2.1. Climate change impact on tropical cyclone damages 
First, we consider the impact of climate change on tropical cyclone damages; we assume that 
the socioeconomic conditions of Vietnam do not change in the future; the tropical cyclone 
damages is only under the changing of typhoon intensity. Figure 4.2 (a) shows maximum damage 
in ensemble simulations is compared to current (CTL runs) and future climate conditions.  
Simulation results indicated that tropical cyclone damages are closely correlated to the storm 
intensity. The simulation results of maximum damages (the average from nineteen ensemble 
member) changed from VND 600 billion to approximately VND 1000 billion. The results from 
UKMO_HadGEM, MIROC_H, INMCM, and MRI_CGCM show a decrease in the damages in 
the future, whereas, the results from GISS_H, CNRM_CM3 models give an increase in losses of 
Typhoon Lekima.  
Figure 4.2 (b) presents probability density curves of maximum damages simulated by eight 
models of CMIP3 and the CTL runs. It is clear that there is a significant increase in a number of 
damages in GISS_H and CNRM_CM3 models runs, however, the results from UKMO_HadGEM, 
INMCM, MIROC_H, and MRI_CGCM models are a decrease in future climate scenarios.  
 
4.2.2.  Socioeconomic Change Impact on Tropical Cyclone Damages 
In this part, we consider the variations of socioeconomic and climate affecting to the tropical 
cyclone damages in the future. Both population density and income per capita are projected to 
2100. The population density in Vietnam is assumed to follow projections of United Nation about 
the world population to 2300. What the income per capita increasing to 2100 is based on the SSPs 
scenarios, we are interested in SSP3 and SSP5 corresponding with the lowest and highest increase 
in income per capita of low-income countries. The results showed in table 1. 
 
Figure 4.2. a) Maximum damages of Typhoon Lekima for each simulation and ensemble mean 
results under climate change, b) Frequency distributions and probability density curves 
of max damages by eight models of CMIP3 and CTL runs. 
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The maximum damages from Typhoon Lekima given current climate are then recalculated 
using the damage function and future levels of population density and income per capita. With 
future conditions at the end of the 21st century, the damage of Typhoon Lekima will increase in 
both SSP3 and SSP5 scenarios.   
Figure 4.3 (a) shows the maximum damages of Typhoon Lekima with the SSP3 scenario in 
eight models, and CTL runs. All PGW runs show an increase in the losses of Typhoon Lekima. 
The ensemble mean maximum damage of current is approximately VND 772 billion. Whereas the 
GISS_H models gave the simulation result is the highest losses with nearly VND 2,734 billion. 
However, the UKMO_HadGEM model gave the lowest result with VND 1,520 billion in losses. 
For six others PGW runs on future climate, the damages are close to VND 2,000 billion; it means 
that in the future with the variation of socioeconomic and climate change, the losses caused by 
Typhoon Lekima will be approximately two to four times higher than in CTL runs.  
In figure 4.3 (b), there are clear shifts in the probability density curves. The results indicate 
that a tropical cyclone similar to Lekima in the future with the socioeconomic development is 
likely the SSP3 scenario would cause stronger damage than in the current damages. 
Figure 4.4 (a) illustrates the simulation results of storm damages corresponding to an SSP5 
scenario and climate change (the highest increase in income per capita). In this case, there is a 
dramatic increase in tropical cyclone losses, especially, the ensemble mean results of Typhoon 
Lekima damages from GISS_H model is the highest, about VND 12,000 billion. The ensemble 
mean losses from INMCM, MIROC_H, MRI-CGCM, CCCMA_T63, T67, and UKMO_HadGEM, 
is around VND 6,100 billion, while the damages of Typhoon Lekima at current is VND 772 billion. 
The main reason for rising losses of a tropical cyclone is the economic and population density 
increased significantly in Vietnam in the future.  
 
Figure 4.3. a) Maximum damages of Typhoon Lekima for each simulation and ensemble mean 
result based on the SSP3 scenario and climate change, b) Frequency distributions and 
probability density curves of maximum damages by eight models of CMIP3 and CTL 
runs based on SSP3 scenario. 
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Figure 4.4 (b) presents probability density curves of maximum damages simulated by eight 
models of CMIP3 and the current. It is clear that there is a significant increase of losses in all 
models runs, and the results indicate that substantial damages events will occur in development 
conditions of future. 
Overall, in this chapter, with a different scenario from socioeconomic development and 
climate, the calculation results of tropical cyclone damages indicate that the losses caused by 
the tropical storm will increase significantly and be proportional to socioeconomic 
development, overpopulation and climate change in the future, especially, by modifying in 
socioeconomic conditions. 
 
4.3. Chapter conclusions 
The economic losses caused by high-impact weather events have an increasing trend over the 
last decades. In Vietnam, the typhoon is a major reason for these losses. The main reasons for the 
rising of economic losses are known. These reasons can be divided into socioeconomic and climate 
factors. The climate factors include the changing in frequency and intensity of extreme weather 
events, whereas, the socioeconomic factors is the variation in the level of risk and vulnerability of 
the assets from the natural disasters. Beside of two these factors, the statistics data also are related 
to the change of the assessment of losses caused by natural disasters. 
The report of IPCC, 2007b indicated that the tendency related to climate and socioeconomic 
would lead to increase in the further losses. In the current condition, the socioeconomic factors 
are the main drivers of the increase in economic losses and may extend to the future, this trend has 
not be clarified. The studies of Höppe and Pielke Jr., 2006 indicated that it is important to clarify 
 
Figure 4.4. a) Maximum damages of Typhoon Lekima for each simulation and ensemble mean 
result based on the SSP5 scenario and climate change, b) Frequency distributions and 
probability density curves of maximum damages by eight models of CMIP3 and CTL 
runs based on SSP5 scenario. 
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the relationship between loss and the impacts of climate and socio-economic change. This task is 
not easy due to the quality of the available data, the stochastic of natural extreme weather events 
and the parallel impact of both factor groups (Diaz and Pulwarty.1997; Reinhart. 2004; Höppe and 
Pielke Jr. 2006). 
This study aims to perform the losses caused by Tropical Cyclone Lekima hit on the Vietnam 
Central Coast from 30 September to 04 October 2007 and investigate the variations in losses under 
global warming conditions and socioeconomic changes in the future. In the present circumstances, 
the storm damages are close to observation data, the fluctuation of tropical cyclone losses was 
wide among ensemble members of CTL runs and eight models of CMIP3. Storm losses were 
affected heavily by socioeconomic conditions. The losses simulation results of Typhoon Lekima 
with SSP5 scenario are approximately six times and 16 times greater than SSP3 scenario and 
climate change scenarios respectively. 
In this chapter, the variation of storm damages only refers to the change in tropical cyclone 
intensity due to the climate change phenomenon, as well as the changing of socioeconomic 
conditions in the future. The damage would be a great variation if a tropical cyclone made landfall 
in the city instead of rural area, however, in this thesis I did not mention the location of the typhoon. 
The increase in income per capita and population density along the coastal regions would be the 
major reasons for rising more damages. 
In my dissertation, I did not mention the number of deaths and missing, the damages of floods 
caused by torrential rains and the sea level rise phenomenon that will overtop the sea dikes. These 
will be the main reasons causing a lot of damages in the coastal regions of Vietnam. So, the 
research and assessments about the tropical cyclone losses in the future should consider and solve 
this missing dimension to the problem.  
In this calculation, only one tropical cyclone was used to examine the variations of storm 
intensity and the conclusions drawn about changing in damages due to Future Global warming 
may include some uncertainty.  So, further studies should examine with the different tropical 
cyclone to accurately determine the variation of tropical cyclone intensity, therefore, improve the 
quality of forecast about the storm losses caused by tropical cyclone intensity. 
It is thought that the results of this study are the first step in evaluating tropical cyclone losses 
in the future, and investigation of other tropical cyclones, as well as the use of additional climate 
change, socioeconomic variation scenarios, and the different damages caused by storms, such as 
the number of death, missing, the damages from flood and sea level rise, will be indispensable for 
assessing changes in storm losses in the future. 
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CHAPTER 5. ASSESSMENT OF FLOOD LOSSES UNDER THE 
GLOBAL WARMING AND SOCIO-ECONOMIC CONDITION 
IN THE CENTRAL REGION OF VIETNAM: A CASE STUDY IN 




In recent decades, flooding is one of the most common natural disasters in the world, with 
more than 50% of total disaster related to climate. From the report of The International Red 
Cross Organization, there are over 66 million people in the world under the impact of flood 
damage, both directly and indirectly. Annually, the number of individuals are affected by the 
flood is variable and rising overall, especially from the flood of the river basin. The research 
results of Koirala. 2005 about the economic flood losses, he showed that the flooding causes in 
billions of dollars in infrastructure losses and the deaths of thousands of people each year.  
The variation of severe precipitation events resulting from global warming and increasing 
in economic flood losses was computed in some research. Many scientists have mentioned to 
the total damage caused by floods. The results from Döll et al., 2015 in Europe show that there 
will be increasing more than double in flood damage by the end of the 21st century. In Asia, 
would have the expected increase in flood frequency. For instance, in the reports of Gain and 
Hoque 2013; Gain et al. 2013, 2015 for the Lower Brahmaputra River basin give some policy 
level implications for policymakers and government agencies.  
Situated on the eastern coast of mainland Southeast Asia, with a substantial latitudinal extent 
on the northwest Pacific Ocean, Vietnam with a long coastline is one of the countries heavily 
influenced by climate change and sea level rise in the world because many people work in 
agriculture, industrial sectors and inhabitants primarily live in the coastal areas. According to 
Garcia 2002, the coastal areas in central Vietnam are being affected by the impact of climate 
change. Based on the projections of climate sciences about the natural disaster events associated 
with climates such as typhoon, flood, landslide, and drought. These seem to occur more severely 
because of combination between the high-impact weather event and hydrological conditions. 
For example, the typhoon can cause heavy rainfall combined with complicated terrain conditions 
and high river slope in the upstream, whereas, in the downstream is the low flat regions, that is 
the main reason of flooding in the coastal areas or lowland, leading to the massive damages. The 
main reasons cause floods in Vietnam are natural and human’s factors. Rainfall, torrential rains 
resulting from tropical cyclone, the sea level rise, and tide. In Vietnam, with average annual 
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rainfall of 1,500 to 2,000 mm, so heavy rain often causes the flood in the cities which have 
inadequate drainage systems. The effect of monsoon is another reason that tropical depressions 
and typhoons usually affect Vietnam.  For example, in 2013, it was 14 hurricanes, five tropical 
depressions and three major storms made landfall directly into Vietnam.  Another example, 
based on the report of CCFSC, 2006 about the flood damage, the Central Viet Nam’s flood of 
November 1999  caused over 750 deaths, impacted on around one million residents, more than 
2000 ships and boats sunk and damaged with more than 364 million USD lost by this flood, or 
in 2000, the early flood in Mekong Delta, reaching the highest level in the last 76 years in this 
basin. This flood event was complicated by two consecutive flood peaks, causing severe 
flooding in the Mekong Basin, especially the Mekong Delta. The economic flood damage from 
this event was very serious with more than 539 deaths (more than three hundred are children), 
212 injured, over 890,000 houses, 13,793 classrooms, 383 medical facilities water submerged 
in water; over 9457 houses collapsed completely...Total losses caused by natural disasters in the 
Mekong Delta in 2000, was estimated approximately 4,626 billion VND. 
In the central regions of Vietnam, each flood event is usually given heavy economic damage 
and to be a threat to the people. The flood season usually begins from October to November 
every year, the main reasons caused the flood in the central and highland area are heavy rainfall 
and water discharged from the hydropower plant in the upstream of the river basin.  
In 2015, the historical heavy rain in Quang Ninh (the province in the North of Vietnam) was 
submerged the most of area in this province. Dozens of deaths and missing, more than thousands 
billion VND in economic losses. From the report of local government, there were 17 deaths and 
estimated in total losses is 2000 billion VND.   
On 30 September 2013, the Typhoon WuTip (called Typhoon N0 10 in Vietnam) struck in 
central provinces of Vietnam, caused the heavy flood, It killed at least 9 people, over 199 people 
injured, and losses of trillions VND, in November 2013, Typhoon Haiyan, (in Vietnam called 
the typhoon No 15) with heavy rains affected to the central provinces of Vietnam caused 
extremely flood, this event caused 5 deaths, thousands of houses and traffic division was 
submerged. In Quang Ngai, 25000 people needed to move to protect themselves from the flood. 
In Song Cau town, there were more than 209 families with over 770 people in low-lying areas, 
under threatening by the flood were evacuated to safe places. 
From the 30th October to November 4, 2008, in the northern and central regions of Vietnam, 
a record of heavy rainfall over the last 100 years. The heavy rainfall exceed all forecasts has 
caused a historical flood in Hanoi, At the same time, heavy rains in the northern and northern 
provinces caused widespread flooding, causing many deaths and caused heavy economic losses. 
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According to preliminary statistics, up to 5 am 2-11, floods have killed 49 people, and more than 
10000 billion VND in damage. 
The flood in August 1971 broke the Red River dyke and more than 100,000 people were 
killed, flooding 250,000 hectares of cropland and more than 2.7 million people suffered 
economic losses in the Red River Delta. This is the deadliest and largest flood in 250 years in 
the Northern region of Vietnam. This flood is also listed on the list of 20th century's largest 
floods by the National Oceanic and Atmospheric Administration (NOAA). 
To prevent and reduce the economic flood damage people can use many ways. For instance, 
they should protect the upstream forest to reduce the velocity of flow, and increase water storage 
capacity of the basin, reduce the greenhouse effect to improve the environment. Upgrading the 
drainage and irrigation systems, renovating the dams, dikes and reservoirs is one of the best 
solutions in preventing the floods in lowland and delta. Improving the operation of drainage 
systems in the urban area when heavy rain period is an effective way to reduce flood.  
Moreover, to reduce the damages caused by the extreme weathers, the government should 
give the positive solutions, for example, every year, the government need to have the plans to 
invest the protection works and flood warning systems for people who living in the affected 
areas, in evacuating people to safety areas, providing food and medicine when flooding. 
Storms with heavy rains also cause severe floods which lead to enormous destroyed with 
approximately 1% of Vietnam GDP. 
In this chapter, based on the flood event August 2007, we investigate the influences of 
socioeconomic and climate change on economic flood losses in Ngan Sau river basin, Ha Tinh 
province of Vietnam in both current and the future conditions. First, flood inundation map is 
accounted using RRI models. Next, damage function is estimated using the relationship between 
water depth and flood damage. Then, the expected loss function is used to calculate the losses 
from flood event both for the current and at the end of 21st-century conditions under six global 
climate models (GCMs). From these results, the impact of climate and socioeconomic changes 









5.2. The results of economic flood losses. 
 In this chapter, based on the methodology presented in Chapter 2 section 2.3, the results 
of economic flood losses are given in sections 5.2.1 and 5.2.2. 
 
5.2.1. Results of economic flood losses under the impact of global warming and 
the SSPs scenarios 
5.2.1.1. Climate change impact on economic flood damages  
We consider the impact of climate change on flood damages; we assume that the 
socioeconomic conditions do not change in the future. The flood damages are only under the 
climate change (changing in flood depth). The economic flood losses in each grid based on 
equation 2.12 to equation 2.15. 
1. The economic flood losses and damage cumulative distributions  
Figure 5.1 (a) shows the total maximum damage in Ngan Sau river basin in each ensemble 
simulation member of CTL runs and six PGWs. The average simulation result of economic flood 
losses of CTL run is approximately USD 380 million compared with more than USD 300 million 
from the local report. Simulation results of PGWs indicated that the maximum economic loss 
changes from USD 380 million to approximately USD 526 million. The results from MIROC-
ESM, HadGEM2-E2, and GISS-E2-H show a decreasing trend in the future, whereas, the results 
from MRI-CGCM3, INMCM4, and CNRM-CM5 models give an increase in losses.  
Figure 5.1 (b) displays the damage cumulative distribution curves of six PGW simulations, 
and the CTL runs. To describe the cumulative distribution of probability of economic flood 
damage, in this study, the authors assume normal distributions. However, other CDF may give 
better fitting. 
 
Figure 5.1. a) Economic flood losses for each simulation, ensemble mean, and maximum 
ensemble results under the climate change; b) Damage cumulative distribution curves 
of six PGW models and CTL runs under the climate change. 
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From figure 5.1 (b), displays the cumulative distribution curves of damage in 6 PGWs and 
CTL runs. To describe the cumulative distribution of probability of economic flood damage, for 
calculating the probability distribution, I assume normal distributions. Results of MIROC-ESM, 
HadGEM2-ES, and GISS-E2-H shows a significant decrease of flood damage because of the 
southward shift of the rainfall area. Focusing on the damage level of 400 million USD, the results 
of CTL and MRI-CGCM3 indicate that, when the meteorological condition is similar to the case 
of heavy rainfall in 2007, the probability of damage exceeding 400 million USD is 50%. On the 
other hand, the probability is 70% and 80% in CNRM-CM3 and INMCM4, respectively. As such, 
the combined use of PGW method and ensemble simulation is helpful to estimate the probability 
of damage under specific meteorological conditions.  
2. The spatial distribution of economic flood losses under the impact of global warming 
condition 
Figure 5.2 displays the spatial distribution of maximum economic losses of six PGW 
experiments and the CTL runs base on given data; the economic loss results are drawn in the 
cells of 500 m x500 m. The unit is presented in USD million/cell. The spatial distribution damage 
in figure 5.2 shows that the urban-build up area (including house, transport, and infrastructure 
areas) causes the highest damage from USD 0.5 million to USD 15 million in grids with the red 
color area. Whereas, rice fields have the at least damage per grid with smaller than USD 0.0075 
million per grid. 
Figure 5.3 indicates the difference in spatial distribution of economic flood losses between 
six PGW simulations and CTL runs. The differences between results of CNRM_CM5, MRI-
 
Figure 5.2. The spatial distribution of maximum economic losses caused by flood at present 
and under global warming in Ngan Sau river basin, Ha Tinh province, Vietnam. 
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CGCM3, GISS-E2-H, INMCM4 models and CTL runs show a slight increase in economic 
losses in the urban area. However, in cropland and mix forest, the economic losses seem 
slightly decrease in the future.  
5.2.1.2. Socioeconomic and climate change impact on flood damages  
In this part, the future variations of flood damages per grid with different socioeconomic and 
climate conditions are examined based on equation (2.12) to equation (2.15). Changing in 
socioeconomic (population, income, land use) in the Ngan Sau river basin is based on the SSPs 
scenarios. The scenario with the lowest increase in income per capita (SSP3) and the highest (SSP5) 
for low-income countries are used in this study. The results present in table 2.9, 2.12, and 2.13. 
1. The results of economic flood damage under the impact of global warming and the SSP3 
scenario. 
a. The results of economic flood damage 
Figure 5.4 (a) presents the maximum economic flood losses under the climate change, and the 
SSP3 scenario in six PGWs and CTL runs. The simulation results of economic losses show an 
increase in all PGW simulations. The highest result is approximately USD 1102.73 million from 
MRI-CGCM3 models, the result of MIROC-ESM model is the lowest value with USD 764.19 
million in damage compared with USD 479.01 million of CTL runs. Therefore, under the climate 
 
Figure 5.3. The spatial distribution of different maximum economic flood losses between 





change and the SSP3 scenario, the economic flood losses in the future will be approximately 1.6 
to 2.3 times higher than in CTL runs.   
In figure 5.4 (b), there are clear shifts in the damage cumulative distribution curves. From 
figure 5.4 (b), an assumption with 50% of probability, the highest simulation value of total 
maximum economic losses is USD 890 million, next USD 850 million, and the lowest economic 
losses are around USD 580 million from INMCM4, CNRM-CM5, and HadGEM2 models 
respectively when compared with USD 400 million from CTL runs. The results indicate that under 
 
Figure 5.4. a) Economic flood losses for each simulation, ensemble mean, and maximum 
ensemble results under the climate change and SSP3 scenario; b) Damage 
cumulative distribution curves of six PGW models and CTL runs under the climate 
change and SSP3 scenario. 
 
 
Figure 5.5. The spatial distribution of maximum economic flood losses of CTL runs and six 




global warming and socioeconomic development, flood similar to flood event in August 2007 
would cause stronger damage than in the current losses.  
b. The spatial distribution of economic flood losses under the impact of global warming and 
the SSP3 scenario 
Figure 5.5 illustrates the spatial distribution of maximum economic losses of six PGW 
experiments and the CTL runs. It is clear that the damages in the urban area are the highest in each 
grid, next is forest area, and the lowest losses came from the agricultural area. 
Figure 5.6 displays the difference of maximum economic losses between six PGWs and CTL 
runs. From this figure, the economic losses increase in all models when comparing with CTL runs, 
the results of economic losses from INMCM4 models is the highest in all type of land use, 
especially in urban area, next is MRI-CGCM3, and CNRM-CM5 models respectively. The lowest 
increase in damage came from MIROC-ESM model. The remarkable point is the urban land with 
the highest damage per each grid because most houses, infrastructure, transport concentrated in 
the urban area. The economic value in the urban area is greater than in agricultural and forest areas 
2. The results of economic flood damage under the impact of global warming and the SSP5 
scenario.  
a. The results of economic flood damage 
Figure 5.7 (a) indicates the maximum economic flood losses under global warming, and the 
SSP5 scenario of six PGW simulations and CTL runs. The damage from MRI-CGCM3 models is 
 
Figure 5.6. The spatial distribution of different economic losses between PGWs and CTL runs 
caused by flood under global warming and socioeconomic change (SSP3 scenario) in 




the highest losses about USD 1322.45 million, whereas, MIROC-ESM model shown the lowest 
result with USD 916.42 million in damage compared with USD 479.01 million of CTL runs. 
Under the SSP5 scenario and climate change, the economic flood losses will be approximately 2.7 
times higher than in CTL runs.  
In figure 5.7 (b), the results indicate that the damage from all models will increase in 
magnitude. If an assumption of cumulative distribution is 90% (probability is 10%), the damage 
is from USD 825 million (HadGEM2 models) up to USD 1225 million in INMCM4 models when 
compared with results of CTL runs. In the future, under the climate change and the SSP5 scenario, 
 
Figure 5.7. a) Economic flood losses for each simulation, ensemble mean, and maximum ensemble 
results under the climate change and SSP5 scenario; b) Damage cumulative distribution 
curves of six PGW models and CTL runs under the climate change and SSP5 scenario. 
 
Figure 5.8. The spatial distribution of economic flood losses under the impact of global 
warming and the SSP5 scenario in Ngan Sau river basin, Vietnam. 
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economic flood damage will be 1.75 to 2.5 times higher than current conditions. It means that 
besides the impact of climate change, the main reason causes torrential rains, the rapid of economic 
development also lead to a significant rising in the flood damage in Ngan Sau river basin. 
b. The spatial distribution of economic flood losses under the impact of global warming and 
the SSP5 scenario 
Figure 5.8 displays the spatial distribution of maximum economic losses of PGW experiments 
and the CTL runs. Similarly, with the SSP3 scenario, the damage from an urban area is the highest 
in each grid next is forest area, and the lowest damage came from the agricultural area. 
Figure 5.9 shows the difference of economic losses between six PGW simulations and CTL 
runs. The economic losses increase in all models compared with CTL runs, the results of economic 
losses from INMCM4 models is the highest in all type of land use, next is MRI-CGCM3, and 
CNRM-CM5 models respectively. The lowest damage came from MIROC-ESM model.  Figure 
5.9 also shows that the spatial distribution of economic flood losses in the urban and forest areas 
will be a significant increase in all models. However, in the areas, where there is a conversion of 
land use from forest to farmland, the economic losses will decrease. It means that the economic 
value of forest area is higher than the agricultural area. The economic flood damage will increase 
under the impact of global warming and the SSPs scenarios at the end of the 21st century.  
 
 
Figure 5.9. The spatial distribution of different economic flood losses between PGWs and CTL 
runs under global warming and the SSP5 scenario in Ngan Sau river basin, Vietnam. 
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5.2.2. The probability of inundation depth effect to economic flood damage in 
Ngan Sau river basin 
 
5.2.2.1. The number of grid with water depth is higher than 1 (m) in Ngan Sau river basin 
Based on the nineteen ensemble simulation results of inundation depth in Ngan Sau river 
basin, we computed the number grids with flood depth is higher than 1 (m) and the 
cumulative distribution curve of six PGW models and CTL runs. Simulation results show in 
figure 5.10 (a) and (b). 
Figure 5.10 (a) illustrates the number of grids with water depth is higher than 1 m) in Ngan 
Sau river basin simulated by six PGWs models and CTL runs. The number of grids with water 
depth greater than 1m simulated by INMCM4 and MRI-CGCM3 models is the largest. The 
average number of grids with water depth greater than 1 m are 725 and 676 grids respectively. 
Whereas, the number of grids from HadGEM2-E2 and MIROC-ESM is 117 and 140 respectively 
when compared with 607 grids of CTL runs. 
From figure 5.10 (b), an assumption that the probability of number grids with water depth higher 
than 1 m is 80%, simulation results of INMCM4, MRI-CGCM3 are the largest with approximately 
550, 465 grids compared with 375 grids from CTL runs. The number of grids from HadGEM2-E2 
and MIROC-ESM is the lowest with 50 and 35 grids respectively. However, under global warming 
and the SSPs scenarios, the results of economic flood losses from MIROC-ESM and HadGEM2-E2 
models are 1.6 to 2.7 times higher compared with CTL runs. It means that the losses caused by flood 
due to socioeconomic conditions in Ngan Sau river basin will be greater than the inundation depth. 
 
 
Figure 5.10. a) the grids with water depth ≥1 (m) for each simulation, the ensemble mean, and 
ensemble maximum of CTL runs and PGWs simulation; b) cumulative distributions 
curves of grids with water depth ≥ 1(m) of 6 PGWs and CTL runs. 
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5.2.2.2. The spatial probability distribution of inundation depth effect to economic flood 
damage in Ngan Sau river basin 
Figure 5.11 indicates the comparison between spatial probability distributions of inundation 
depth higher than 1 m and economic flood losses. The agricultural land will be the deepest 
submerged with the probability (50-100%) of water depth greater than 1 m larger than other areas. 
However, the economic flood loss in an urban area is the highest value, where are centralized 
infrastructures such as commercial space, transport, houses, official building. Next is in forest area, 
and the lowest loss is in the agricultural land. It means that the economic flood losses will depend 
on much more the purpose of land use than the inundation level of the flood regions. 
 
 
Figure 5.11. Spatial distribution of probability of water depth ≥ 1m and economic flood damage 
of CTL runs and six PGW simulations of Ngan Sau river basin. 
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5.3. Chapter conclusions 
In this chapter, economic flood damages estimation methodologies under climate change 
scenario and the SSPs scenarios were discussed. The research results indicated that:  
 Under climate change, the economic flood losses in Ngan Sau river basin from 
CNRM_CM5 and INMCM4 models slightly increase, whereas, the damage from MIROC-
ESM, HadGEM2-E2, and GISS-E2-H models will decrease when compared with CTL runs. 
However, under global warming and the SSPs scenarios, all simulation results of six models 
show a significant increase in damage, the damage with CC + SSP5 scenario will be 2.7 and 
1.2 times higher than CTL runs and CC + SSP3 scenario. Cumulative distribution curves 
generated by ensemble simulation are helpful to consider various damage level and decide a 
target for disaster prevention. 
 The spatial distribution of economic flood damage shows the greatest damage occurs 
in an urban area. Second is forest, and the lowest will be rice fields. Such information is helpful 
to identify vulnerable areas in the target region. And important knowledge for regional 
planning will be provided. 
 Cumulative distribution curves of economic flood damage showed apparent differences 
between current and future in the flood loss. The results indicated that torrential rains similar 
to the rainfall caused the flood event in August 2007 can produce extreme flood events that 
would not be expected in the current climate.  
 The land use purposes will effect to economic flood damage are higher than inundation 
depth in the River basin. 
 About the land use data, only a small amount of land use types are used, and they 
cannot represent all the existing land use types in the Ngan Sau river basin. It means that not 
all possible economic damage the Ngan Sau river basin suffers is taken into account. For 
example, industry, commerce, tourism, fishery, recreation areas would be subject to damage 
 The uncertainty of loss functions is another limitation of research. All of the damage 
curves used in this research coming from Joint Research Centre (JRC), the European 
Commission’s Science for all over Vietnam, not for Ngan Sau river basin. As a result, in some 
cases, these functions cannot reflect the relationship between inundation depth and economic 
losses for Ngan Sau river basin. 
 The resolution of the grid is coarse, so the precision level in the evaluation of the 
economic losses will be decreased. 
 In this chapter, when computing flood damage, only one flood event was used to 
establish the future inundation map and the conclusions drawn about changing in damages due 
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to future global warming may include some uncertainty.   So, future studies should examine 
with different flood events to accurately determine the variation of flood damage. 
 The investment in the construction of flood control and prevention were not mentioned 
as a solution to reduce the flood damage in this study.  
 We did not investigate the number of deaths and missing caused by flood, and also not 
consider the water velocity in flood damage calculation. These will be the main reasons 
causing a lot of losses. Hence, the next studies about the flood losses should discuss and solve 

































6.1.1. Research problems and overview of thesis aims 
In general, the objectives of the study have been achieved: these include the investigated the 
variation of typhoon intensities under global warming, assessing the changing of economic losses 
caused by typhoon intensities under the climate change and socio-economic condition. Prediction 
of economic flood losses under the global warming and socio-economic change in the future. 
1. Firstly, assessing the variation of typhoon intensities applied in the coastal regions of 
Vietnam, the pseudo-global warming downscaling approach was used for this purpose. We 
selected Tropical Cyclone Lekima from 2007 and made hindcast and PGW simulations to 
investigate the changes in storm intensities. It can be accomplished through the following specific 
objectives: Predicting of variations of typhoon intensities under global warming in the future, 
using Weather Research and Forecasting model. The climate change scenarios using in this 
dissertation are A1B, RCP4.5, and RCP8.5. 
2. Secondly, estimation of the economic losses caused by typhoon intensity (maximum 
wind speed) under global warming and socio-economic change in the future for the coastal 
region of Vietnam using the Ordinary Least Squares estimator and regress damages on tropical 
cyclone intensities. 
3. Thirdly, predicting and establish the economic damage map caused by flood for current 
and in the future under climate and socio-economic condition: A case study of Ngan Sau river 
basin, Ha Tinh province, Vietnam. 
4. Finally, some suggestions and solutions will give for controlling and mitigating the 
economic losses caused by typhoon and flood events under the climate and socio-economic 
change in Vietnam will be recommended. 
 
6.1.2.  Key findings 
- Typhoon intensities under global warming with different climate scenarios 
Changing in intensities of typhoons under global warming was simulated with different 
climate change scenarios and period of time. Simulation results suggested that the climate change 
may be related to an increase in the typhoon intensities and heavy rainfall. 
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The simulation results of maximum six-hourly and total rainfall will rise significantly under 
the climate change, the spatial distribution of heavy rain caused by typhoon similar to Typhoon 
Lekima made landfall in Vietnam in 2007 would have a tendency shifted to the southern region. 
The simulation results indicated that the global warming may high relate to the significant increase 
in heavy rainfall and typhoon intensities. 
- The Typhoon losses under global warming and socio-economic conditions 
Based on simulation results of Typhoon Lekima in 2007 under global warming, 
socioeconomic development scenarios SSPs and the population density of Vietnam, I have 
forecasted the effects of climate and socioeconomic change on losses caused by the typhoon at the 
end of 21st century. Economic losses caused by typhoon will change under global warming at 
landfall. Socioeconomic changes will increase losses by approximately 3 and 16 times higher than 
to climate changes corresponding to SSP3 and SSP5 scenarios 
-  The flood damages under global warming and socio-economic conditions 
The variation of flood inundation depth in the Ngan Sau river basin under the global warming 
was computed by the hydrostatic model (RRI model). Under the global warming, results of 
inundation depth from MRI-CGCM3, INMCM4 models show a slight increase in water depth, but 
the simulation results from MIROC-ESM, HadGEM2-ES models gave a decrease in inundation 
depth. It means that the flood events similarly with flood event in 2007 will not change much 
because of moving heavy rainfall and changing the spatial distribution of heavy rain in the future 
in the central area of Vietnam. 
The results of flood economic losses under the climate change and socioeconomic variation 
show that the highest increase in economic losses is the urban area, next is mix-forest, and cropland 
will be the lowest in increasing. The flood damages with climate change and the SSP5 scenario 
will be 2.7 and 1.2 times higher than CTL runs, climate change and the SSP3 scenario respectively. 
 
6.2. The limitations of research 
Only one tropical cyclone was examined in this study and the conclusions are drawn about 
variations in typhoon intensities and heavy rainfall due to future global warming may include 
some uncertainty 
In this research, the variation of storm damages only refers to the change in tropical cyclone 
intensity due to the climate change phenomenon, as well as the changing of socioeconomic 
conditions in the future. The economic losses would be a huge change if a tropical cyclone makes 
landfall in the city instead of rural area. But in my thesis, this problem did not mention. The 
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increase in population density along the coastal regions and income per capita would be the main 
reason for the rising economic losses caused by the natural disaster in the future. 
We did not mention the number of deaths and missing, the damages of floods caused by 
torrential rains and the sea level rise phenomenon that will overtop the sea dikes. These will be 
the main reasons causing a lot of damages in the coastal regions of Vietnam. So, the research and 
assessments about the tropical cyclone losses in the future should consider and solve this missing 
dimension to the problem.  
The economic support from government and local in building the flood control and flood 
warning systems were not mentioned as an input data in the calculation of economic flood 
losses, as a solution for reducing the flood damage in this study. 
About the land use data, only a small amount of land use types are used, and they cannot 
represent all the existing land use types in the Ngan Sau river basin. It means that not all possible 
economic damage the Ngan Sau river basin suffers is taken into account. For example, industry, 
commerce, tourism, fishery, recreation areas would be subject to damage 
The uncertainty of loss functions is another limitation of research. All of the damage 
curves used in this research come from Joint Research Centre (JRC), the European 
Commission’s Science for Asia region, not Ngan Sau river basin. As a result, in some cases, 
these functions cannot reflect the relationship between inundation depth and economic losses 
for Ngan Sau river basin. The resolution of the grids is coarse, so the precision level in the 
evaluation of the economic losses will be decreased.  
Only one flood event was used to establish the future inundation map and the conclusions 
drawn about changing in damages due to future global warming may include some uncertainty.   
So, future studies should examine with different flood events to accurately determine the 
variation of flood damage.  
 
6.3. Future research and some recommendations  
The significant increasing trends in typhoon intensities depend on many factors such as SST, 
air temperature, and other atmospheric variables. So that, to get the accurate answers about the 
variations of typhoon intensities under the global warming, and obtain more consistent results in 
further research, we need to simulate with different typhoons, GCM models, and climate change 
scenarios to examine these variations. 
In the typhoon losses: When assessing of economic losses caused by the tropical cyclone, we need 
to consider about the investment budget of government in building the protection construction and 
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typhoons and flood warning systems for communities, predicting the number of deaths and missing 
caused by typhoon intensities under the climate change scenarios. 
In flood economic losses: Considering more detail in the variation of land cover in the future 
affecting to the flood inundation and flood losses: In many developed countries, planning, and 
management of land-use play an important role in the economic development. This will avoid a 
large number of populations and valuable natural and social resources that will concentrate on 
high-risk areas of the flood. However, in the developing countries, because of rapid urbanization 
processes, the policymakers and planners pay no attention to the importance of land-use planning, 
especially in the flood area. So, if the country has a good the land-use planning, it would help to 
reduce the natural disaster and the risks. 
Simulating with different flood events and climate change scenarios to ensure the 
variations of flood inundation depth and economic losses are accurate in calculation and 
prediction. Investigating the number of deaths and missing caused by flood, considering the 

























Appendix1: The economic losses caused by typhoons in Vietnam from 1953 to 2015. 
Year Disaster type ISO Country 
Total 





1953 Storm VNM Viet Nam 1000           
1956 Storm VNM Viet Nam 56           
1964 Storm VNM Viet Nam 7000        700,000                700,000              50,000  
1971 Storm VNM Viet Nam 112          50,000                  50,000    
1973 Storm VNM Viet Nam 100        150,000                150,000    
1977 Storm VNM Viet Nam              1,000                    1,000    
1980 Storm VNM Viet Nam 308   14,987,000        384     664,500       15,651,884    
1982 Storm VNM Viet Nam 70     1,300,000        290           1,300,290    
1983 Storm VNM Viet Nam 734        580,000        508     601,360         1,181,868    
1984 Storm VNM Viet Nam 155        650,416        383         1,000            651,799    
1985 Storm VNM Viet Nam 798        225,000        257     225,000            450,257    
1986 Storm VNM Viet Nam 435     2,500,000     2,502           2,502,502    
1987 Storm VNM Viet Nam 123        584,800        211     352,000            937,011    
1988 Storm VNM Viet Nam 157     1,320,000             1,320,000    
1989 Storm VNM Viet Nam 959     5,635,000     1,359     781,000         6,417,359              21,000  
1990 Storm VNM Viet Nam 102        500,000        108         2,000            502,108    
1991 Storm VNM Viet Nam 297          21,478        222     455,905            477,605              10,500  
1992 Storm VNM Viet Nam 31          76,125          23         3,210              79,358              18,400  
1993 Storm VNM Viet Nam 206          26,520          52       12,185              38,757              65,000  
1994 Storm VNM Viet Nam 30          11,000                  11,000              45,000  
1995 Storm VNM Viet Nam 16          23,000          51                23,051              21,200  
1996 Storm VNM Viet Nam 789        666,500        591              667,091            600,020  
1997 Storm VNM Viet Nam 3692        697,225        907     383,045         1,081,177            480,000  
1998 Storm VNM Viet Nam 368     2,481,635          92       43,510         2,525,237            108,200  
1999 Storm VNM Viet Nam 10           
2000 Storm VNM Viet Nam 23            2,505        169       11,860              14,534              26,035  
2001 Storm VNM Viet Nam 53        177,450          89       23,100            200,639              83,200  
2003 Storm VNM Viet Nam             18         5,000                5,018    
2004 Storm VNM Viet Nam 70        500,900            5              500,905              30,000  
2005 Storm VNM Viet Nam 116        367,632          28              367,660            250,250  
2006 Storm VNM Viet Nam 401     2,944,720     1,890     350,680         3,297,290         1,090,000  
2007 Storm VNM Viet Nam 96        637,755        150       47,525            685,430            191,000  
2008 Storm VNM Viet Nam 254        143,830        159       12,660            156,649            190,500  
2009 Storm VNM Viet Nam 306     2,867,820     1,005     108,635         2,977,460         1,065,200  
2010 Storm VNM Viet Nam 35          32,960          20         1,620              34,600              44,500  
2011 Storm VNM Viet Nam 16           63                       63    
2012 Storm VNM Viet Nam 38          59,320        107     279,545            338,972            342,800  
2013 Storm VNM Viet Nam 79     1,962,485        584            375         1,963,444         1,474,230  
2014 Storm VNM Viet Nam 38          48,075                  48,075              10,700  




Appendix 2: The number of typhoons made landfall in Vietnam from 1961 to 2012. 
No Coastal Regions Time Name Wind speed 
1 The South China Sea 14/11/2012 Tropical depression level 6 (39 – 49 km/h) 
2 The South China Sea 23/10/2012 Son Tinh level 6 (39 – 49 km/h) 
3 The South China Sea 1/10/2012 Gaemi level 6 (39 – 49 km/h) 
4 The South China Sea 19/08/2012 Tembin level 6 (39 – 49 km/h) 
5 The South China Sea 13/08/2012 Kai-Tak level 6 (39 – 49 km/h) 
6 South China Sea 21/07/2012 Vicente level 6 (39 – 49 km/h) 
7 The South China Sea 26/06/2012 Doksuri level 6 (39 – 49 km/h) 
8 South China Sea 16/06/2012 TaLim level 6 (39 – 49 km/h) 
9 Binh Thuan – Ca Mau 29/03/2012 Pakhar level 6 (39 – 49 km/h) 
10 The South China Sea 17/01/2012 Tropical depression level 6 (39 – 49 km/h) 
11 The South China Sea 15/06/2011 Tropical depression level 6 (39 – 49 km/h) 
12 The South China Sea 15/06/2011 Tropical depression level 6 (39 – 49 km/h) 
13 South China Sea 9/6/2011 SARIKA-1103 level 6 (39 – 49 km/h) 
14 South China Sea 9/6/2011 SARIKA-1103 level 6 (39 – 49 km/h) 
15 Binh Dinh – Ninh Thuan 12/11/2010 Tropical depression level 6 (39 – 49 km/h) 
16 South China Sea 16/10/2010 Megi level 12 (118-133 km/h) 
17 South China Sea 27/08/2010 Lionrock level 9 (75 – 88 km/h) 
18 Nghe An – Quang Binh 21/08/2010 Mindulee level 10 (89-102 km/h) 
19 Binh Dinh – Ninh Thuan 18/07/2010 Chan Thu level 7 (50 – 61 km/h) 
20 Quang Ninh – Thanh Hoa 12/7/2010 Con Son level 7 (50 – 61 km/h) 
21 Binh Thuan – Ca Mau 18/01/2010 Tropical depression level 6 (39 – 49 km/h) 
22 Binh Thuan – Ca Mau 23/11/2009 Tropical depression  level 6 (39 – 49 km/h) 
23 Binh Dinh – Ninh Thuan 25/10/2009 MARINAE level 6 (39 – 49 km/h) 
24 Quang Tri – Quang Ngai 16/10/2009 Tropical depression  level 6 (39 – 49 km/h) 
25 Quang Ninh – Thanh Hoa 29/09/2009 PARMA level 6 (39 – 49 km/h) 
26 Quang Tri – Quang Ngai 23/09/2009 KETSANA level 6 (39 – 49 km/h) 
27 South China Sea 12/9/2009 KOPU level 6 (39 – 49 km/h) 
28 Quang Ninh – Thanh Hoa 8/9/2009 MUJIGAE level 8 (62 – 74 km/h) 
29 Binh Dinh – Ninh Thuan 3/9/2009 Tropical depression  level 6 (39 – 49 km/h) 
30 The South China Sea 1/8/2009 GONI level 6 (39 – 49 km/h) 
31 South China Sea 15/07/2009 MOLAVE level 6 (39 – 49 km/h) 
32 Quang Ninh – Thanh Hoa 10/7/2009 SOUPELOR level 6 (39 – 49 km/h) 
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33 The South China Sea 23/06/2009 NangKa level 6 (39 – 49 km/h) 
34 The South China Sea 17/06/2009 Linda level 8 (62 – 74 km/h) 
35 The South China Sea 3/5/2009 Chan-Hom level 7 (50 – 61 km/h) 
36 Binh Dinh – Ninh Thuan 15/11/2008 Noul level 7 (50 – 61 km/h) 
37 Binh Dinh – Ninh Thuan 11/11/2008 Tropical depression level 6 (39 – 49 km/h) 
38 The South China Sea 7/11/2008 Maysak level 7 (50 – 61 km/h) 
39 Nghe An – Quang Binh 13/10/2008 Tropical depression level 7 (50 – 61 km/h) 
40 Quang Ninh – Thanh Hoa 1/10/2008 Higos level 8 (62 – 74 km/h) 
41 Nghe An – Quang Binh 27/09/2008 Mekkhala level 9 (75 – 88 km/h) 
42 Quang Ninh – Thanh Hoa 21/09/2008 Hagupit level 6 (39 – 49 km/h) 
43 Quang Ninh – Thanh Hoa 11/8/2008 Tropical depression level 6 (39 – 49 km/h) 
44 Quang Ninh – Thanh Hoa 4/8/2008 Kammuri level 8 (62 – 74 km/h) 
45 The South China Sea 21/06/2008 Fengshen level 10 (89-102 km/h) 
46 The South China Sea 14/05/2008 Ha Long level 7 (50 – 61 km/h) 
47 South China Sea 14/04/2008 Neoguri level 13 ( > 133 km/h) 
48 Binh Thuan – Ca Mau 22/01/2008 Tropical depression level 6 (39 – 49 km/h) 
49 Binh Thuan – Ca Mau 13/01/2008 Tropical depression level 6 (39 – 49 km/h) 
50 Binh Dinh – Ninh Thuan 22/11/2007 Hagibis level 12 (118-133 km/h) 
51 Binh Thuan – Ca Mau 4/11/2007 Peipah level 6 (39 – 49 km/h) 
52 Binh Thuan – Ca Mau 2/11/2007 Tropical depression level 6 (39 – 49 km/h) 
53 Binh Dinh – Ninh Thuan 29/10/2007 Tropical depression level 6 (39 – 49 km/h) 
54 Nghe An – Quang Binh 27/09/2007 Lekima level 11 (103 – 117 km/h) 
55 Quang Ninh – Thanh Hoa 23/09/2007 Francisco level 9 (75 – 88 km/h) 
56 Binh Dinh – Ninh Thuan 2/8/2007 Tropical depression level 8 (62 – 74 km/h) 
57 Quang Ninh – Thanh Hoa 2/7/2007 Toraji level 8 (62 – 74 km/h) 
58 Binh Thuan – Ca Mau 24/11/2006 Durian level 13 ( > 133 km/h) 
59 Quang Tri – Quang Ngai 8/11/2006 Chebi level 13 ( > 133 km/h) 
60 Binh Dinh – Ninh Thuan 26/10/2006 Cimaron level 13 ( > 133 km/h) 
61 Quang Tri – Quang Ngai 25/09/2006 Xangsane level 13 ( > 133 km/h) 
62 Quang Tri – Quang Ngai 23/09/2006 Tropical depression level 8 (62 – 74 km/h) 
63 Quang Ninh – Thanh Hoa 3/7/2006 Tropical depression level 6 (39 – 49 km/h) 
64 Nghe An – Quang Binh 28/10/2005 KAITAK  level 9 (75 – 88 km/h) 
65 Quang Tri – Quang Ngai 6/10/2005 Tropical depression level 7 (50 – 61 km/h) 
66 Quang Ninh – Thanh Hoa 19/09/2005 DAMREY  level 12 (118-133 km/h) 
67 Nghe An – Quang Binh 15/09/2005 VICENTE  level 9 (75 – 88 km/h) 
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68 Binh Dinh – Ninh Thuan 11/9/2005 Tropical depression level 8 (62 – 74 km/h) 
69 Quang Ninh – Thanh Hoa 9/8/2005 Noname  level 7 (50 – 61 km/h) 
70 Quang Ninh – Thanh Hoa 28/07/2005 WASHI  level 10 (89-102 km/h) 
71 Quang Tri – Quang Ngai 16/06/2004 Tropical depression level 6 (39 – 49 km/h) 
72 Binh Dinh – Ninh Thuan 9/6/2004 CHANTHU  level 7 (50 – 61 km/h) 
73 Quang Ninh – Thanh Hoa 12/11/2003 NEPARTAK  level 6 (39 – 49 km/h) 
74 Nghe An – Quang Binh 8/9/2003 Tropical depression level 6 (39 – 49 km/h) 
75 Quang Ninh – Thanh Hoa 20/08/2003 KROVANH  level 11 (103 – 117 km/h) 
76 Quang Ninh – Thanh Hoa 16/07/2003 KONI  level 9 (75 – 88 km/h) 
77 Nghe An – Quang Binh 10/9/2002 HAGUPIT  level 6 (39 – 49 km/h) 
78 Quang Ninh – Thanh Hoa 29/07/2002 Tropical depression level 6 (39 – 49 km/h) 
79 Quang Tri – Quang Ngai 5/12/2001 KAJIKI  level 6 (39 – 49 km/h) 
80 Binh Dinh – Ninh Thuan 7/11/2001 LINGLING  level 11 (103 – 117 km/h) 
81 Nghe An – Quang Binh 10/8/2001 USAGI  level 8 (62 – 74 km/h) 
82 Nghe An – Quang Binh 5/9/2000 WUKONG  level 10 (89-102 km/h) 
83 Quang Tri – Quang Ngai 20/08/2000 KAEMI  level 7 (50 – 61 km/h) 
84 Quang Tri – Quang Ngai 29/05/2000 Tropical depression level 6 (39 – 49 km/h) 
85 Binh Dinh – Ninh Thuan 14/12/1999 NONAME  level 7 (50 – 61 km/h) 
86 Binh Dinh – Ninh Thuan 4/11/1999 Tropical depression level 6 (39 – 49 km/h) 
87 Binh Thuan – Ca Mau 22/10/1999 Tropical depression level 6 (39 – 49 km/h) 
88 Nghe An – Quang Binh 15/10/1999 EVE  level 8 (62 – 74 km/h) 
89 Binh Dinh – Ninh Thuan 9/12/1998 FAITH  level 6 (39 – 49 km/h) 
90 Binh Dinh – Ninh Thuan 23/11/1998 ELVIS  level 7 (50 – 61 km/h) 
91 Binh Dinh – Ninh Thuan 17/11/1998 DAWN  level 7 (50 – 61 km/h) 
92 Binh Thuan – Ca Mau 11/11/1998 CHIP  level 6 (39 – 49 km/h) 
93 Binh Thuan – Ca Mau 31/10/1997 LINDA  level 8 (62 – 74 km/h) 
94 Quang Tri – Quang Ngai 2/10/1997 Tropical depression level 6 (39 – 49 km/h) 
95 Quang Tri – Quang Ngai 21/09/1997 FRITZ  level 7 (50 – 61 km/h) 
96 Quang Ninh – Thanh Hoa 20/08/1997 ZITA  level 11 (103 – 117 km/h) 
97 Binh Thuan – Ca Mau 7/11/1996 ERNIE  level 6 (39 – 49 km/h) 
98 Binh Dinh – Ninh Thuan 1/11/1996 Tropical depression level 6 (39 – 49 km/h) 
99 Nghe An – Quang Binh 11/9/1996 Tropical depression level 6 (39 – 49 km/h) 
100 Quang Ninh – Thanh Hoa 5/9/1996 SALLY  level 6 (39 – 49 km/h) 
101 Quang Ninh – Thanh Hoa 18/08/1996 NIKI  level 11 (103 – 117 km/h) 
102 Quang Ninh – Thanh Hoa 13/08/1996 Tropical depression level 6 (39 – 49 km/h) 
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103 Quang Ninh – Thanh Hoa 21/07/1996 FRANKIE  level 11 (103 – 117 km/h) 
104 Quang Tri – Quang Ngai 26/10/1995 ZACK  level 12 (118-133 km/h) 
105 Binh Dinh – Ninh Thuan 24/10/1995 YVETTE  level 10 (89-102 km/h) 
106 Nghe An – Quang Binh 26/08/1995 LOIS  level 10 (89-102 km/h) 
107 Binh Dinh – Ninh Thuan 17/10/1994 TERRESA  level 6 (39 – 49 km/h) 
108 Nghe An – Quang Binh 8/9/1994 LUKE  level 6 (39 – 49 km/h) 
109 Quang Ninh – Thanh Hoa 3/9/1994 JOEL  level 8 (62 – 74 km/h) 
110 Quang Ninh – Thanh Hoa 29/07/1994 AMY  level 7 (50 – 61 km/h) 
111 Quang Ninh – Thanh Hoa 25/07/1994 HARY  level 10 (89-102 km/h) 
112 Quang Ninh – Thanh Hoa 18/07/1994 Tropical depression level 6 (39 – 49 km/h) 
113 Binh Thuan – Ca Mau 26/06/1994 Tropical depression level 6 (39 – 49 km/h) 
114 Binh Dinh – Ninh Thuan 2/12/1993 LOLA  level 10 (89-102 km/h) 
115 Binh Dinh – Ninh Thuan 19/11/1993 KYLE  level 13 ( > 133 km/h) 
116 Quang Ninh – Thanh Hoa 7/7/1993 LEWIS  level 10 (89-102 km/h) 
117 Binh Dinh – Ninh Thuan 18/10/1992 COLLEEN  level 7 (50 – 61 km/h) 
118 Binh Dinh – Ninh Thuan 15/10/1992 ANGELA  level 8 (62 – 74 km/h) 
119 Quang Ninh – Thanh Hoa 9/7/1992 ELI  level 9 (75 – 88 km/h) 
120 Quang Ninh – Thanh Hoa 24/06/1992 CHUCK  level 10 (89-102 km/h) 
121 Nghe An – Quang Binh 12/8/1991 FRED  level 10 (89-102 km/h) 
122 Quang Ninh – Thanh Hoa 10/7/1991 ZEKE  level 10 (89-102 km/h) 
123 Binh Dinh – Ninh Thuan 10/11/1990 NELL  level 7 (50 – 61 km/h) 
124 Binh Dinh – Ninh Thuan 16/10/1990 LOLA  level 6 (39 – 49 km/h) 
125 Binh Dinh – Ninh Thuan 1/10/1990 IRA  level 6 (39 – 49 km/h) 
126 Quang Ninh – Thanh Hoa 11/9/1990 ED  level 10 (89-102 km/h) 
127 Nghe An – Quang Binh 25/08/1990 BECKY  level 12 (118-133 km/h) 
128 Nghe An – Quang Binh 21/07/1990 Tropical depression level 6 (39 – 49 km/h) 
129 Nghe An – Quang Binh 29/10/1989 BRIAN  level 12 (118-133 km/h) 
130 Nghe An – Quang Binh 8/10/1989 DAN  level 13 ( > 133 km/h) 
131 Quang Tri – Quang Ngai 5/9/1989 Tropical depression level 6 (39 – 49 km/h) 
132 Quang Ninh – Thanh Hoa 20/07/1989 IRVING  level 11 (103 – 117 km/h) 
133 Quang Ninh – Thanh Hoa 6/7/1989 FAYE  level 6 (39 – 49 km/h) 
134 Quang Ninh – Thanh Hoa 5/6/1989 DOT  level 10 (89-102 km/h) 
135 Quang Tri – Quang Ngai 22/05/1989 CECIL  level 10 (89-102 km/h) 
136 Binh Thuan – Ca Mau 3/11/1988 TESS  level 11 (103 – 117 km/h) 
137 Quang Ninh – Thanh Hoa 18/10/1988 PAT  level 7 (50 – 61 km/h) 
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138 Binh Dinh – Ninh Thuan 7/10/1988 NONAME  level 7 (50 – 61 km/h) 
139 Binh Dinh – Ninh Thuan 14/11/1987 MAURY  level 6 (39 – 49 km/h) 
140 Quang Tri – Quang Ngai 3/9/1987 Tropical depression level 6 (39 – 49 km/h) 
141 Nghe An – Quang Binh 13/08/1987 CARY  level 9 (75 – 88 km/h) 
142 Binh Dinh – Ninh Thuan 6/11/1986 HERBERT  level 6 (39 – 49 km/h) 
143 Quang Tri – Quang Ngai 17/10/1986 GEORGIA  level 8 (62 – 74 km/h) 
144 Quang Tri – Quang Ngai 6/10/1986 DOM  level 7 (50 – 61 km/h) 
145 Quang Ninh – Thanh Hoa 16/08/1986 WAYNE  level 12 (118-133 km/h) 
146 Quang Ninh – Thanh Hoa 9/8/1986 NONAME  level 6 (39 – 49 km/h) 
147 Binh Dinh – Ninh Thuan 20/11/1985 GORDON  level 8 (62 – 74 km/h) 
148 Nghe An – Quang Binh 14/10/1985 DOT  level 6 (39 – 49 km/h) 
149 Quang Tri – Quang Ngai 12/10/1985 CECIL  level 12 (118-133 km/h) 
150 Binh Thuan – Ca Mau 10/10/1985 Tropical depression level 6 (39 – 49 km/h) 
151 Quang Tri – Quang Ngai 14/09/1985 Tropical depression level 6 (39 – 49 km/h) 
152 Quang Tri – Quang Ngai 9/9/1985 Tropical depression level 6 (39 – 49 km/h) 
153 Quang Ninh – Thanh Hoa 16/06/1985 NONAME  level 6 (39 – 49 km/h) 
154 Quang Tri – Quang Ngai 2/11/1984 AGNES  level 12 (118-133 km/h) 
155 Binh Dinh – Ninh Thuan 23/10/1984 WARREN  level 7 (50 – 61 km/h) 
156 Binh Dinh – Ninh Thuan 11/10/1984 SUSAN  level 7 (50 – 61 km/h) 
157 Quang Tri – Quang Ngai 23/09/1984 LYN  level 6 (39 – 49 km/h) 
158 Quang Tri – Quang Ngai 29/07/1984 Tropical depression level 6 (39 – 49 km/h) 
159 Quang Ninh – Thanh Hoa 19/06/1984 WYNNE  level 7 (50 – 61 km/h) 
160 Quang Tri – Quang Ngai 7/6/1984 VERNON  level 6 (39 – 49 km/h) 
161 Nghe An – Quang Binh 21/10/1983 LEX  level 12 (118-133 km/h) 
162 Binh Dinh – Ninh Thuan 15/10/1983 KIM  level 9 (75 – 88 km/h) 
163 Binh Dinh – Ninh Thuan 6/10/1983 HERBERT  level 8 (62 – 74 km/h) 
164 Nghe An – Quang Binh 1/10/1983 Tropical depression level 6 (39 – 49 km/h) 
165 Quang Ninh – Thanh Hoa 28/09/1983 GEORGIA  level 12 (118-133 km/h) 
166 Quang Ninh – Thanh Hoa 12/7/1983 VERA  level 10 (89-102 km/h) 
167 Quang Tri – Quang Ngai 24/06/1983 SARAH  level 6 (39 – 49 km/h) 
168 Nghe An – Quang Binh 11/10/1982 NANCY  level 10 (89-102 km/h) 
169 Quang Ninh – Thanh Hoa 5/9/1982 IRVING  level 8 (62 – 74 km/h) 
170 Quang Tri – Quang Ngai 4/9/1982 HOPE  level 9 (75 – 88 km/h) 
171 Quang Ninh – Thanh Hoa 13/07/1982 WINONA  level 6 (39 – 49 km/h) 
172 Binh Dinh – Ninh Thuan 17/03/1982 MAMIE  level 7 (50 – 61 km/h) 
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173 Binh Dinh – Ninh Thuan 12/10/1981 FABIAN  level 9 (75 – 88 km/h) 
174 Quang Ninh – Thanh Hoa 16/08/1981 WARREN  level 9 (75 – 88 km/h) 
175 Quang Ninh – Thanh Hoa 4/8/1981 ROY  level 6 (39 – 49 km/h) 
176 Binh Dinh – Ninh Thuan 29/10/1980 CARY  level 7 (50 – 61 km/h) 
177 Quang Ninh – Thanh Hoa 12/9/1980 RUTH  level 10 (89-102 km/h) 
178 Nghe An – Quang Binh 3/9/1980 Tropical depression level 7 (50 – 61 km/h) 
179 Quang Ninh – Thanh Hoa 16/08/1980 Tropical depression level 6 (39 – 49 km/h) 
180 Quang Ninh – Thanh Hoa 18/07/1980 JOE  level 11 (103 – 117 km/h) 
181 Quang Ninh – Thanh Hoa 24/06/1980 HERBERT  level 8 (62 – 74 km/h) 
182 Binh Dinh – Ninh Thuan 4/10/1979 SARAH  level 8 (62 – 74 km/h) 
183 Quang Tri – Quang Ngai 19/09/1979 NANCY  level 8 (62 – 74 km/h) 
184 Quang Ninh – Thanh Hoa 9/8/1979 Tropical depression level 6 (39 – 49 km/h) 
185 Nghe An – Quang Binh 7/8/1979 Tropical depression level 6 (39 – 49 km/h) 
186 Quang Ninh – Thanh Hoa 28/07/1979 HOPE  level 6 (39 – 49 km/h) 
187 Binh Dinh – Ninh Thuan 31/10/1978 NONAME  level 8 (62 – 74 km/h) 
188 Quang Ninh – Thanh Hoa 25/09/1978 LOLA  level 8 (62 – 74 km/h) 
189 Nghe An – Quang Binh 22/09/1978 KIT  level 10 (89-102 km/h) 
190 Quang Tri – Quang Ngai 18/09/1978 Tropical depression level 7 (50 – 61 km/h) 
191 Quang Ninh – Thanh Hoa 22/08/1978 ELAINE  level 7 (50 – 61 km/h) 
192 Quang Tri – Quang Ngai 9/8/1978 BONNIE  level 8 (62 – 74 km/h) 
193 Binh Dinh – Ninh Thuan 28/06/1978 SHIRLEY  level 7 (50 – 61 km/h) 
194 Quang Ninh – Thanh Hoa 26/06/1978 Tropical depression level 6 (39 – 49 km/h) 
195 Quang Ninh – Thanh Hoa 25/09/1977 NONAME  level 7 (50 – 61 km/h) 
196 Nghe An – Quang Binh 3/9/1977 CARLA  level 8 (62 – 74 km/h) 
197 Quang Ninh – Thanh Hoa 16/07/1977 SARAH  level 10 (89-102 km/h) 
198 Binh Dinh – Ninh Thuan 2/11/1975 HELLEN  level 8 (62 – 74 km/h) 
199 Quang Ninh – Thanh Hoa 16/09/1975 ALICE  level 10 (89-102 km/h) 
200 Quang Tri – Quang Ngai 7/9/1975 Tropical depression level 6 (39 – 49 km/h) 
201 Quang Ninh – Thanh Hoa 27/08/1975 NONAME  level 7 (50 – 61 km/h) 
202 Nghe An – Quang Binh 24/08/1975 NONAME  level 9 (75 – 88 km/h) 
203 Quang Ninh – Thanh Hoa 17/06/1975 NONAME  level 8 (62 – 74 km/h) 
204 Binh Dinh – Ninh Thuan 13/11/1974 HESTER  level 6 (39 – 49 km/h) 
205 Quang Tri – Quang Ngai 1/11/1974 FAYE  level 6 (39 – 49 km/h) 
206 Quang Ninh – Thanh Hoa 21/10/1974 DELLA  level 10 (89-102 km/h) 
207 Quang Tri – Quang Ngai 13/08/1974 NONAME  level 9 (75 – 88 km/h) 
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208 Quang Ninh – Thanh Hoa 7/6/1974 DINAH  level 10 (89-102 km/h) 
209 Binh Thuan – Ca Mau 14/11/1973 THELMA  level 10 (89-102 km/h) 
210 Binh Dinh – Ninh Thuan 9/11/1973 SARAH  level 7 (50 – 61 km/h) 
211 Quang Ninh – Thanh Hoa 12/10/1973 RUTH  level 8 (62 – 74 km/h) 
212 Quang Tri – Quang Ngai 7/10/1973 PATSY  level 7 (50 – 61 km/h) 
213 Binh Dinh – Ninh Thuan 4/10/1973 OPAL  level 8 (62 – 74 km/h) 
214 Quang Ninh – Thanh Hoa 11/9/1973 MARGE  level 11 (103 – 117 km/h) 
215 Quang Ninh – Thanh Hoa 3/9/1973 LOUISE  level 8 (62 – 74 km/h) 
216 Quang Ninh – Thanh Hoa 22/08/1973 KATE  level 12 (118-133 km/h) 
217 Nghe An – Quang Binh 5/7/1973 ANITA  level 12 (118-133 km/h) 
218 Binh Dinh – Ninh Thuan 4/12/1972 THERESE  level 10 (89-102 km/h) 
219 Nghe An – Quang Binh 30/09/1972 LORNA  level 11 (103 – 117 km/h) 
220 Quang Tri – Quang Ngai 10/9/1972 FLOSSIE  level 11 (103 – 117 km/h) 
221 Quang Tri – Quang Ngai 31/08/1972 ELSIE  level 11 (103 – 117 km/h) 
222 Quang Ninh – Thanh Hoa 24/08/1972 CORA  level 11 (103 – 117 km/h) 
223 Quang Tri – Quang Ngai 1/6/1972 MAMIE  level 9 (75 – 88 km/h) 
224 Quang Tri – Quang Ngai 19/10/1971 HESTER  level 12 (118-133 km/h) 
225 Nghe An – Quang Binh 4/10/1971 ELAINE  level 10 (89-102 km/h) 
226 Quang Ninh – Thanh Hoa 12/7/1971 JANE  level 13 ( > 133 km/h) 
227 Nghe An – Quang Binh 10/7/1971 KIM  level 12 (118-133 km/h) 
228 Quang Ninh – Thanh Hoa 1/7/1971 HARRIET  level 8 (62 – 74 km/h) 
229 Binh Dinh – Ninh Thuan 23/04/1971 WANDA  level 9 (75 – 88 km/h) 
230 Binh Dinh – Ninh Thuan 26/10/1970 LOUISE  level 7 (50 – 61 km/h) 
231 Binh Dinh – Ninh Thuan 18/10/1970 KATE  level 9 (75 – 88 km/h) 
232 Quang Ninh – Thanh Hoa 5/9/1970 Tropical depression level 6 (39 – 49 km/h) 
233 Nghe An – Quang Binh 16/08/1970 NONAME  level 7 (50 – 61 km/h) 
234 Quang Ninh – Thanh Hoa 21/07/1969 NONAME  level 6 (39 – 49 km/h) 
235 Nghe An – Quang Binh 8/7/1969 TESS  level 9 (75 – 88 km/h) 
236 Quang Ninh – Thanh Hoa 22/06/1969 Tropical depression level 7 (50 – 61 km/h) 
237 Binh Dinh – Ninh Thuan 15/11/1968 MAMIE  level 10 (89-102 km/h) 
238 Binh Thuan – Ca Mau 18/10/1968 HESTER  level 8 (62 – 74 km/h) 
239 Quang Ninh – Thanh Hoa 1/9/1968 WENDY  level 8 (62 – 74 km/h) 
240 Quang Tri – Quang Ngai 31/08/1968 BESS  level 9 (75 – 88 km/h) 
241 Quang Ninh – Thanh Hoa 9/8/1968 ROSE  level 13 ( > 133 km/h) 
242 Binh Dinh – Ninh Thuan 7/11/1967 FREDA  level 9 (75 – 88 km/h) 
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243 Quang Ninh – Thanh Hoa 13/10/1967 CLARA  level 7 (50 – 61 km/h) 
244 Quang Ninh – Thanh Hoa 4/9/1967 PATSY  level 8 (62 – 74 km/h) 
245 Quang Ninh – Thanh Hoa 1/8/1966 PHILLIS level 8 (62 – 74 km/h) 
246 Quang Ninh – Thanh Hoa 23/07/1966 ORA  level 7 (50 – 61 km/h) 
247 Quang Ninh – Thanh Hoa 31/08/1965 ROSE  level 6 (39 – 49 km/h) 
248 Nghe An – Quang Binh 30/08/1965 POLLY  level 6 (39 – 49 km/h) 
249 Quang Tri – Quang Ngai 26/08/1965 Tropical depression level 6 (39 – 49 km/h) 
250 Nghe An – Quang Binh 15/08/1965 NADINE  level 12 (118-133 km/h) 
251 Quang Ninh – Thanh Hoa 8/7/1965 FREDA  level 7 (50 – 61 km/h) 
252 Binh Dinh – Ninh Thuan 12/11/1964 KATE  level 7 (50 – 61 km/h) 
253 Binh Dinh – Ninh Thuan 6/11/1964 JOAN  level 8 (62 – 74 km/h) 
254 Binh Dinh – Ninh Thuan 1/11/1964 IRIS  level 8 (62 – 74 km/h) 
255 Quang Tri – Quang Ngai 20/10/1964 GEORGIA  level 8 (62 – 74 km/h) 
256 Nghe An – Quang Binh 3/10/1964 CLARA  level 13 ( > 133 km/h) 
257 Nghe An – Quang Binh 29/09/1964 BILLIE  level 8 (62 – 74 km/h) 
258 Quang Tri – Quang Ngai 23/09/1964 ANITA  level 8 (62 – 74 km/h) 
259 Quang Tri – Quang Ngai 14/09/1964 Tropical depression 4 level 7 (50 – 61 km/h) 
260 Quang Tri – Quang Ngai 13/09/1964 TILDA  level 11 (103 – 117 km/h) 
261 Quang Ninh – Thanh Hoa 26/06/1964 WINNIE  level 10 (89-102 km/h) 
262 Quang Ninh – Thanh Hoa 31/08/1963 FAYE  level 13 ( > 133 km/h) 
263 Quang Ninh – Thanh Hoa 10/8/1963 CARMEN  level 12 (118-133 km/h) 
264 Quang Ninh – Thanh Hoa 20/07/1963 AGNES  level 10 (89-102 km/h) 
265 Binh Thuan – Ca Mau 28/11/1962 LUCY  level 9 (75 – 88 km/h) 
266 Nghe An – Quang Binh 25/09/1962 Tropical depression 3 level 7 (50 – 61 km/h) 
267 Quang Ninh – Thanh Hoa 19/09/1962 CHARLOTTE  level 13 ( > 133 km/h) 
268 Quang Tri – Quang Ngai 12/9/1962 BABS  level 8 (62 – 74 km/h) 
269 Quang Ninh – Thanh Hoa 7/8/1962 PATSY  level 8 (62 – 74 km/h) 
270 Quang Tri – Quang Ngai 7/10/1961 WILDA  level 7 (50 – 61 km/h) 
271 Nghe An – Quang Binh 22/09/1961 RUBY  level 10 (89-102 km/h) 
272 Nghe An – Quang Binh 21/06/1961 CORA  level 6 (39 – 49 km/h) 






Appendix 3: The economic flood losses in Vietnam from 1964 to 2015. 
Year Disaster type ISO  Country 
Total 





1964 Flood VNM Viet Nam 400           
1966 Flood VNM Viet Nam 31      125,541          70,361         195,902      10,000  
1970 Flood VNM Viet Nam 237      204,000             204,000    
1978 Flood VNM Viet Nam 74   4,000,000          79,000      4,079,000    
1980 Flood VNM Viet Nam 94      628,000             628,000    
1984 Flood VNM Viet Nam 33        38,000               38,000    
1985 Flood VNM Viet Nam 93   2,800,000          2,800,000    
1986 Flood VNM Viet Nam 165           
1990 Flood VNM Viet Nam 82        10,000        200             10,200           725  
1991 Flood VNM Viet Nam 195      295,000          14             600         295,614      46,700  
1992 Flood VNM Viet Nam 56      102,109          10          7,579         109,698      47,700  
1993 Flood VNM Viet Nam 64        15,000               15,000      10,000  
1994 Flood VNM Viet Nam 310      382,000             382,000    206,000  
1995 Flood VNM Viet Nam 253      400,000             400,000      86,000  
1996 Flood VNM Viet Nam 222      375,000             375,000    151,400  
1998 Flood VNM Viet Nam 45        31,030            5          1,470           32,505      13,700  
1999 Flood VNM Viet Nam 789   5,639,150        576      143,555      5,783,281    309,500  
2000 Flood VNM Viet Nam 496   5,025,000            7        5,025,007    265,000  
2001 Flood VNM Viet Nam 339   1,608,445            6        1,608,451      88,700  
2002 Flood VNM Viet Nam 147   1,431,700        116        1,431,816      84,100  
2003 Flood VNM Viet Nam 128      402,880          63        13,880         416,823    105,000  
2004 Flood VNM Viet Nam 96        35,000          18             35,018        8,000  
2004 Storm VNM Viet Nam 70      500,900            5           500,905      30,000  
2005 Flood VNM Viet Nam 192        74,185            3        18,205           92,393      54,000  
2006 Flood VNM Viet Nam 178        50,000        120          2,000           52,120        9,000  
2007 Flood VNM Viet Nam 230      962,000        172           962,172    790,000  
2008 Flood VNM Viet Nam 157      632,500            4           632,504    483,000  
2009 Flood VNM Viet Nam 37      740,000             740,000    
2010 Flood VNM Viet Nam 186   1,489,750          83        1,489,833    660,200  
2011 Flood VNM Viet Nam 122   1,361,570          14        1,361,584    219,002  
2012 Flood VNM Viet Nam 34           40        17,500           17,540      30,000  
2013 Flood VNM Viet Nam 141   2,158,865          66          2,070      2,161,001      78,500  










Appendix 4: The file namelist.input for WRF 3.6.1 models 
a) The namelist.input file for WRF 3.6.1 model of 3 
members using LAG methods for Typhoon Lekima 
intensities simulation. 
b) The namelist.input file for WRF 3.6.1 model of 16 
members using ensemble method for Typhoon 
Lekima intensities simulation. 
&time_control 
 run_days                               
 run_hours                              
run_minutes                          
run_seconds                          
start_year                              
start_month                          
 start_day                               
start_hour                              
start_minute                          
start_second                          
end_year                               
end_month                            
end_day                                
 end_hour                               
end_minute                           
end_second                           
interval_seconds                   
input_from_file                    
 history_interval                     
frames_per_outfile                
restart                                    
restart_interval                     
 io_form_history                   
 io_form_restart                    
 io_form_input                      
 io_form_boundary               
 debug_level                         
 io_form_auxinput4              
 auxinput4_inname               




 time_step                             
 time_step_fract_num           
 time_step_fract_den            
 max_dom                             
 
= 4, 
 = 18, 
 = 0, 
 = 0, 
 = 2007, 2007, 2000, 
 = 09,   09,   01, 
= 30,   30,   24, 
 = 00,   00,   12, 
 = 00,   00,   00, 
 = 00,   00,   00, 
 = 2007, 2007, 2000, 
 = 10,   10,   01, 
 = 04,   04,   25, 
 = 18,   18,   12, 
 = 00,   00,   00, 
 = 00,   00,   00, 
 = 21600 
 = .true.,.true.,.true., 
= 180,  60,   60, 
= 1000, 1000, 1000, 
= .false., 
 = 720, 
 = 2 
 = 2 
 = 2 
 = 2 
 = 0 
 = 2 
="wrflowinp_d<domain>" 





 = 0, 
 = 1, 
 = 2, 
&time_control 
 run_days                               
 run_hours                              
run_minutes                          
run_seconds                          
start_year                              
start_month                          
 start_day                               
start_hour                              
start_minute                          
start_second                          
end_year                               
end_month                            
end_day                                
 end_hour                               
end_minute                           
end_second                           
interval_seconds                   
input_from_file                    
 history_interval                     
frames_per_outfile                
restart                                    
restart_interval                     
 io_form_history                   
 io_form_restart                    
 io_form_input                      
 io_form_boundary               
 debug_level                         
 io_form_auxinput4              
 auxinput4_inname               




 time_step                             
 time_step_fract_num           
 time_step_fract_den            






= 2007, 2007, 2000, 
= 10,   10,   01, 
= 01,   01,   24, 
= 00,   00,   12, 
= 00,   00,   00, 
= 00,   00,   00, 
= 2007, 2007, 2000, 
= 10,   10,   01, 
= 04,   04,   25, 
= 18,   18,   12, 
= 00,   00,   00, 
= 00,   00,   00, 
= 21600 
 = .true.,.true.,.true., 
= 180,  60,   60, 
= 1000, 1000, 1000, 
= .true., 
 = 21600, 
 = 2 
 = 2 
 = 2 
 = 2 
 = 0 
 = 2 
="wrflowinp_d<domain>" 





 = 0, 
 = 1, 
 = 2, 
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 e_we                                     
 e_sn                                      
 e_vert                                   
 p_top_requested                   
 num_metgrid_levels             
num_metgrid_soil_levels     
 dx                                          
 dy                                          
 grid_id                                   
 parent_id                                
 i_parent_start                         
 j_parent_start                         
 parent_grid_ratio                   
 parent_time_step_ratio          
 feedback                                
 smooth_option                       
 use_surface                            




 mp_physics                           
 ra_lw_physics                       
 ra_sw_physics                       
 radt                                        
 sf_sfclay_physics                  
 sf_surface_physics                
 bl_pbl_physics                      
 bldt                                        
 cu_physics                            
 cudt                                       
 isfflx                                     
 ifsnow                                  
 icloud                                   
 surface_input_source           
num_soil_layers                  
 sf_urban_physics                
 maxiens                              
 maxens                               
 maxens2                             
 maxens3                             
= 127,   214,    94, 
= 127,   214,    91, 
= 30,    30,    28, 
= 5000, 
= 17, 
 = 4, 
= 30000, 10000,  3333.33, 
= 30000, 10000,  3333.33, 
= 1,     2,     3, 
= 0,     1,     2, 
= 1,    17,     30, 
= 1,    10,    30, 
= 1,     3,     3, 
= 1,     3,     3, 
= 1, 
 = 0, 
 = .true./ 




  = 2,     2,     3, 
 = 1,     1,     1, 
= 2,     2,     1, 
= 30,    30,    30, 
= 1,     1,     1, 
= 2,     2,     2, 
= 1,     1,     1, 
= 0,     0,     0, 
= 1,     1,     0, 




 = 1, 
 = 4, 





 e_we                                     
 e_sn                                      
 e_vert                                   
 p_top_requested                   
 num_metgrid_levels             
num_metgrid_soil_levels     
 dx                                          
 dy                                          
 grid_id                                   
 parent_id                                
 i_parent_start                         
 j_parent_start                         
 parent_grid_ratio                   
 parent_time_step_ratio          
 feedback                                
 smooth_option                       
 use_surface                            




 mp_physics                           
 ra_lw_physics                       
 ra_sw_physics                       
 radt                                        
 sf_sfclay_physics                  
 sf_surface_physics                
 bl_pbl_physics                      
 bldt                                        
 cu_physics                            
 cudt                                       
 isfflx                                     
 ifsnow                                  
 icloud                                   
 surface_input_source           
num_soil_layers                  
 sf_urban_physics                
 maxiens                              
 maxens                               
 maxens2                             
 maxens3                             
= 127,   214,    94, 
= 127,   214,    91, 
= 30,    30,    28, 
= 5000, 
= 17, 
 = 4, 
= 30000, 10000,  3333.33, 
= 30000, 10000,  3333.33, 
= 1,     2,     3, 
= 0,     1,     2, 
= 1,    17,     30, 
= 1,    10,    30, 
= 1,     3,     3, 
= 1,     3,     3, 
= 1, 
 = 0, 
 = .true./ 




  = 2,     2,     3, 
 = 1,     1,     1, 
= 2,     2,     1, 
= 30,    30,    30, 
= 1,     1,     1, 
= 2,     2,     2, 
= 1,     1,     1, 
= 0,     0,     0, 
= 1,     1,     0, 




 = 1, 
 = 4, 







 ensdim                               
 mp_zero_out                      
 tmn_update                        
 sst_skin                              
 sf_ocean_physics                
oml_hml0                           
 oml_gamma                       
 isftcflx                                
 sst_update                          




 grid_fdda                           
 gfdda_inname                    
 gfdda_interval_m               
 gfdda_end_h                      
 io_form_gfdda                   
 fgdt                                    
 if_no_pbl_nudging_uv      
 if_no_pbl_nudging_t         
 if_no_pbl_nudging_q        
 if_zfac_uv                          
 k_zfac_uv                          
 if_zfac_t                             
 k_zfac_t                             
 if_zfac_q                            
 k_zfac_q                            
 guv                                     
 gt                                        
 gq                                       
 if_ramping                         
 dtramp_min                       
 xwavenum                         
 ywavenum                         
 fgdtzero                              
 if_no_pbl_nudging_ph      
 if_zfac_ph                          
 k_zfac_ph                          
 gph                                     
 dk_zfac_uv                        
= 144, 
= 0, 
 = 1, 










 = 2, 0, 
 = "wrffdda_d<domain>", 
 = 360, 360, 
 = 120, 120, 
 = 2, 
= 0, 0, 
= 1, 1, 
= 1, 1, 
= 1, 1, 
= 1, 1, 
= 15, 
= 1, 1, 
= 15, 
= 1, 1, 
= 15, 
= 0.0003, 0.0003, 
= 0.0003, 0.0003, 
= 0.0003, 0.0003, 
 = 0, 
 = 60.0, 
= 3, 
= 3, 
= 0, 0, 
= 1, 1, 
= 1, 1, 
= 15, 
= 0.0003, 0.0003, 
= 1, 1, 
 ensdim                               
 mp_zero_out                      
 tmn_update                        
 sst_skin                              
 sf_ocean_physics                
oml_hml0                           
 oml_gamma                       
 isftcflx                                
 sst_update                          




 grid_fdda                           
 gfdda_inname                    
 gfdda_interval_m               
 gfdda_end_h                      
 io_form_gfdda                   
 fgdt                                    
 if_no_pbl_nudging_uv      
 if_no_pbl_nudging_t         
 if_no_pbl_nudging_q        
 if_zfac_uv                          
 k_zfac_uv                          
 if_zfac_t                             
 k_zfac_t                             
 if_zfac_q                            
 k_zfac_q                            
 guv                                     
 gt                                        
 gq                                       
 if_ramping                         
 dtramp_min                       
 xwavenum                         
 ywavenum                         
 fgdtzero                              
 if_no_pbl_nudging_ph      
 if_zfac_ph                          
 k_zfac_ph                          
 gph                                     
 dk_zfac_uv                        
= 144, 
= 0, 
 = 1, 










 = 2, 0, 
 = "wrffdda_d<domain>", 
 = 360, 360, 
 = 120, 120, 
 = 2, 
= 0, 0, 
= 1, 1, 
= 1, 1, 
= 1, 1, 
= 1, 1, 
= 15, 
= 1, 1, 
= 15, 
= 1, 1, 
= 15, 
= 0.0003, 0.0003, 
= 0.0003, 0.0003, 
= 0.0003, 0.0003, 
 = 0, 
 = 60.0, 
= 3, 
= 3, 
= 0, 0, 
= 1, 1, 
= 1, 1, 
= 15, 
= 0.0003, 0.0003, 
= 1, 1, 
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 dk_zfac_t                           




 rk_ord                                
 w_damping                       
 diff_opt                             
 km_opt                              
 diff_6th_opt                      
 diff_6th_factor                  
 base_temp                         
 damp_opt                          
 zdamp                               
 dampcoef                          
 khdif                                  
 kvdif                                  
 non_hydrostatic                 
 moist_adv_opt                   
 scalar_adv_opt                   
 h_sca_adv_order                
 v_sca_adv_order                
 h_mom_adv_order            




 spec_bdy_width                 
 spec_zone                          
 relax_zone                         
 specified                            





 nio_tasks_per_group        
 nio_groups                        
 / 
= 1, 1, 




 = 3, 
 = 0, 
 = 1, 
 = 4, 
 = 0,      0,      0, 
 = 0.12,   0.12,   0.12, 
 = 290. 
 = 0, 
= 5000.,  5000.,  5000., 
= 0.2,    0.2,    0.2 
= 0,      0,      0, 
= 0,      0,      0, 
 = .true., .true., .true., 
 = 1,      1,      1,      
= 1,      1,      1,      
= 5,      5,      5,  
= 3,      3,      3, 
= 5,      5,      5, 




 = 5, 
= 1, 
 = 4, 
= .true., .false.,.false., 








 dk_zfac_t                           




 rk_ord                                
 w_damping                       
 diff_opt                             
 km_opt                              
 diff_6th_opt                      
 diff_6th_factor                  
 base_temp                         
 damp_opt                          
 zdamp                               
 dampcoef                          
 khdif                                  
 kvdif                                  
 non_hydrostatic                 
 moist_adv_opt                   
 scalar_adv_opt                   
 h_sca_adv_order                
 v_sca_adv_order                
 h_mom_adv_order            




 spec_bdy_width                 
 spec_zone                          
 relax_zone                         
 specified                            





 nio_tasks_per_group        
 nio_groups                        
 / 
= 1, 1, 




 = 3, 
 = 0, 
 = 1, 
 = 4, 
 = 0,      0,      0, 
 = 0.12,   0.12,   0.12, 
 = 290. 
 = 0, 
= 5000.,  5000.,  5000., 
= 0.2,    0.2,    0.2 
= 0,      0,      0, 
= 0,      0,      0, 
 = .true., .true., .true., 
 = 1,      1,      1,      
= 1,      1,      1,      
= 5,      5,      5,  
= 3,      3,      3, 
= 5,      5,      5, 




 = 5, 
= 1, 
 = 4, 
= .true., .false.,.false., 
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